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NOTE BY THE AMERICAN EDITOR. 



Mt object in undertaking the revision of the Treatise 

on Optics by Dr. Brewster was, principally, to introduce 

an Appendix, containing such a discussion of the subjects 

of Reflexion and Refiractioni as might adapt the work to 

use in those of our colleges in which considerable exten. 

sioD is given to the course of Natural Philosophy. In 

this revision, I have thought it best, without specially 

calling the attention of the reader to them, to correct 

such errors as my comparatively limited knowledge of 

the subject assured me, would not have been passed 

over by the author in a second Edition. 

A. D. BACHE. 
PhOaddj^ua, Jm^ 188a 
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INTRODUCTION. 

). Opncs, from a Greek word which siffiiifies to see^ is 
branch of knowledge which treats of the properties of ^ 

and of vision^ as performed by the human eye. 
|. Li^ht is an emanation, or something which proceeds 
bodies, and by means of which we are enabled to see 
1 by the eye. All visible bodies may be divided into two 
es — »elf4uniinou8 and non4unUn(nM. 
df4uminous bodies, such as the stars, flames of all kinds^ 
Mdies which shine by being heated or rubbed, are those 
h possess in themselves the property of discharging light 
lumhums bodies are those which luive not the power df 
arming liffht c^ themselves, but which throw back the 
which ^Is upcm them from self-luminous bodies. One 
aminous body may receive light from another non-lumi- 
body, and discharge it upon a third ; but in every case 
ight must originuly come fircHU a self-luminous body, 
n a lighted candle is brought into a dark room, the fi>rm 
e flame is seen by the h^ht which proceeds from the 
itself; but the objects in £e room are seen by the light 
li they receive from the candle, and again throw back ; 
i other objects, on which the light of the candle does not 
eceive light from the white ceiling and walls, and thus 
ae visible to the eye. 

. All bodies, whether self-luminous or non-luminous, dis- 
[e lif^ht of the same color with themselves. A red flame 
red4iot body discharges red li^ht ; and a piece of red 
discharges red light, though it is illuminated by the 
; light of the sun. 

. Light is emitted from every visible point of a luminous 
an illuminated body, and in every direction in which the 
is visible. If we look at the flame of a candle, or at a 
of white paper, and magnify them ever so much, we 
not observe any points destitute of light 



12 INTHODUCTION. 

(5.) Light moves in straight lines, and consists of sepuil 
and independent parts, call^ rays of light If we admit tl 
light of the sun into a dark room through a small hole, it «j 
illuminate a spot on the wall exactly opposite to the son,— 41 
middle of the spot, the middle of the hole, and the middle < 
the sun, being sdl in the same straight line. If there is dq 
or smoke in the room, the process of the light in strai^ 
lines will be distinctly seen. If we stop a very small porta 
of the admitted light, and allow the rest to pass, or if we sti 
nearly the whole light, and allow only the smallest portion I 
pass, the part which passes is not in the slightest degree i 
iected by its separation from the rest The smallest portii 
of light which we can either stop or allow to pass is called 
ray of li^ht, 

(6). Light moves with a velocity of 192,500 miles in 
second of time. It travels from the sun to the earth in sevc 
minutes and a half. It moves through a space equal to tl 
circumference of our globe in the 8th put of a second, 
flight which the swiftest bird could not perform m less tb 
three weeks. 

(7). When light fells upon any body whatever, part of it 
renected or driven back, and part of it enters the body, and 
either lost within it or transmitted through it When ti 
body is bright and well polished like silver, a great part of ti 
lisht is reflected, and the remainder lost within the s^v« 
which can transmit light only when hammered out into ti 
thinnest film. When the body is transparent, like glass 
waterj almost all the light is transmitted, and only a snii 
part of it reflected. The light which is driven back fro 
bodies is reflected according to particular laws, the considei 
tion of which forms that branch of optics called catoptric 
and the light which is transmitted through transparent bodi 
is transmitted according to particular laws, the considerate 
of which ccHistitutes the subject of dioptrics. /_ 
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CHAP. !• INCIDENCE AND REFLEXION. 13 

PART I. 
ON THE REFLEXION AND REFRACTION OF LIGHT. 



CATOPTRICS. 



(8.) Catoptrics is that branch of optics which treats of 
the process of rays of light after they are reflected from sur- 
faces either plane or curved, and of the formation of images 
from objects placed before such surfaces. 

CHAP. I. 

REFLEXION BT SPBC17LA AND MIRRORS. 

(9.) Any substance of a regular form employed for the pur- 
pose of reflecting light, or of formincr images of objects, is 
called a Mteculum or mirror. It is genenmy made of metal 
or glass, having a highly polished surrace. l^e name of mir- 
ror is commoiUy given to reflectors that are made of glass ; 
and the glass is always quicksilvered on the back, to make it 
reflect more light The word speculum is used to describe a 
reflector which is metallic, such as those made of silver, steel, 
or of grain tin mixed with copper. 

(10.) Specula or mirrors are either pUmCi concavCf or 
convex. 

A o2ane speculum is one which is perfectly flat, like a look- 
ing-^lass ; a concave speculum is one which is hollow like the 
infflde of a watch-glass ; and a convex speculum is one which 
is round like the outside of a watch-glasB. 

As the light which falls upon glass mirrors is intercepted 

by the glass before it is reflected m)m the quick-sUvered sur- 

race, we shall suppose all our mirrors to be formed qf polished 

metal, as they are in almost all optical instruments. 

(11.) When a ray of light, A Dtfig. 1., fidls upon a plane 

speculum, M N, at the point D, it will 
be reflected or driven back in a direction 
D B, which is as much inclined to E D, 
a line perpendicular to M N, as the ray 
A D was ; that is, the angle B D E is 
equal to A D E, or the circular arc B E 
is eqiial to E A 
B 
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The ray A D is called the incident ray, and D B the re- 
flected ray, A D E tilie angle of incidence^ and B D E the 
angle of reflexion ; and a plane passing through A D and 
D B, or the plane in which these two lines lie, is called the 
jUane of imndence, or the plane of refleximi, 

(12.) When the speculum is concave, as M N,Jig, 2., then 

if C be the centre of the circle of 
which M N is a part, the incident ray 
A D and the reflected ray D B will 
form e^ual angles with the line C D, 
which is perpendicular to the small 
portion of the speculum on which the 
ray falls at D. Hence in this case also 
the angle of incidence A D E is equal 
to the angle of reflexion B D E. 
(13.) When the speculum is convex, as M N,Jig. 3., let C 

be the centre of the circle of which M N 
forms a part, and C E a line drawn 
through D ; then the angle of incidence 
A D E will be equal to me angle of re- 
flexion B D E. 

These results are found to be true by 
experiment; and they may be easily 
proved by admitting a ray of the sun^ 
light through a hole in the windownahutr 
ter, and making it fill on the mirrors 
M N in the direction A D, when it will 
be seen reflected in the direction D R 
If the incident ray A D is made to approach the perpendicular 
D E, the reflected ray D B will also approach the perpendicu- 
lar D E ; and when the ray A D falls in the direction E D, it 
will be reflected m the direction D K In like mann^ 
when the ray A D approaches to D N, the ray D B will ap- 
proach to D M. 

(14.) As these results are true under all circumstances, we 
may consider it as a general law, that when light falls upon 
any surface, whether plane or curved, the angle of its reflex- 
ion is equal to the angle of its incidence. 

Hence we have a method of universal application fi>r find- 
ing the direction of a reflected ray when we know the direc- 
tion of the incident rav. If A D, for exaxap\e,Jigs, 1, 2, 3., 
is the direction in which the incident ray &lls upon the mirror 
at D, draw the perpendicular D E in Jig. 1., and in fyr, 2 or 
Jlg» 3. draw a line from D to C, the centre of the curved sur- 
face M N ; and, havmg described a circle M B E A N round 
as a centre, take the distance A E in the compasses and 
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cany it fiwn E to B, and having drawn a line frwn D to B, D B 
will be the direction of the reflected ray. 

Reflexion of Rm/tfrom Plane Mirrort. 
(15.) Reflexion ^parallel my*. When parallel or equidis- 
tant nys, A D, A' iy,fig. 4, are incident upon k plane tnir- 




nr, M N, they will continue lo be parallel after reflexion. By 
the method already explained, describe arches of circles round 
D, IK as centres, anJ make the arch from E towards B equal 
to that between A D and D El, and also the aich from E' lo- 



alieL If the space between A D end A' D' ia filled with other 
nya parallel to A D, so as to constitate a parallel beam or 
man of light, A A' ly D, the reflected rays will be all peiallel 
to B S, tM will constitute a parallel reflected beam. The 
reflected beam, however, will be inverted ; Ibr the side A D, 
which waB uppermost before reflexion, will be undennoet, as 
at D B, after reflexion. 
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', making the angles 
" i>" E" respectively, equal to A D E, A D' E',' A D" E" ; 
the lines D E, D' E; D" E" being drawn from the pointa 
D, D', D", where the rays are incident, perpendicular to M N ; 
uid bjr continamg the reflected rap backwatds, they will be 
finind to meet at a point A' as far lehmd the miiror M N as 
A is b^m-e it; that is, if A N A' be drawn perpendicular to 
M N, A' N will be equal to A N. Hence the rays will have 
the same divei^ency aAer reOexion as they had before it If 
we consider A U" U as a divergent beam of light Included 
between A D and A D", then the reflected beam included 
between D S and D" B" will diverge flnm A', and will be in- 
verted after reflesion. 

(17,) Reflexion of amverging tw/i. Converging ntn 
are those which proceed from several points A A' A", Jig. 9^ 
towards one point R When such raya &U upott a plana 




mirror, M N, they wUI be reflected in directicmB D B', D' B', 
D" B', forming the same angles with the perpendiculars D E, 
D'E', D"E",astheincident rays did, sad convei^ngtoB point 
B' as far before the mirror as the pobt B is behmd it. If wb 
consider A D D" A" as a convergmg beam of light, D" B' D 
will be its form alter reflexion. 

In all these cases the reflexion does nothing more than 
invert the incident beam of light, and shift its point of diver>> 
gence or convergence to the opposite side of the mirror. 



Reflexion of Rays frma Concave JHinwf. 

(la) Re^xion of parallel roy*. Let M N, ^. 7., be a 

concave mirror whose centre of concavity is C ; ai^ let A 11^ 

AM, A N be paraUel rays, or a paiallel Deam of light &lling 
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npoa it, at and near to the vertex D. Th^n, since C M, C N 
are perpendicular to the sur&ce of the mirror at the points M 
and N, C M A, C N A will be the angles of incidence of the 
rays A M, A N. Make the angles of reflexion C M F, C N P 
equal to C M A, C N A, and it will be found that the lines 
M F, N F meet at F in the line A D, and these lines M F, 
N F will be the reflected raya The ray A C D being per- 
pendicular to the mirror at D, because it passes through the 

fig. 7. 







centre C, will be reflected in an opposite direction D F ; so 
that all the three rays, A M, A D, and A N, will meet at one 
prant, F. In like manner it will be found that all other rays 
between A M and A N, falling upon other points of the mirror 
between M and N, will be reflected to the same point F. The 
point F, in which a concave mirror collects the rays which fall 
upon it, is called the focus, or fire-place, because the rays thus 
collected have the power of burning any inflammable body 
placed there. When the rays which the mirror collects are 
parallel, as in the present case, the point F is called its prinF- 
cipal focus, or ita focus for parallel rays. When we consider 
that &e rays which form the beam A M N A occupy a large 
space before they fall upon the mirror M N, and by reflexion 
are condensed upon a small space at F, it is easy to understand 
how they have the power of burning bodies placed at F. 

Rule. — ^The distance of the focus F from the nearest point 
or vertex D of the mirror M N is in spherical mirrors, what- 
ever be their substance, equal to one half of C D, the radius 
of the mirror's concavity. The distance F D is called the 
principal focal distance ,of the mirror. The truth of this rule 
may be found by projecting fig, 7. upon a large scale, and by 
taking the points M N near to D. 

(19.) Reflexion of diverging rays. Let M N, fi^. 8., 
be a concave mirror, whose centre of concavity is C; 
and let rays A M, A D, A N, diverging or radiating from 
the point A, fall upon the mirror at tlie points, M, D, N, 
and be reflected from these points; M and N being near 
to D. The lines C M, C D, and C N being perpendicu- 
lar to the mirror at the points M, D, and N, we shall find 

B2 
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the reflected nys M F, N F, Irtr making the anffle F M C 
equal to A MC, and FN C equal to A NC; and the point F 
where these reys meet will be the focus where the diverging 
rays A M, A N are collected. By comparin^^. 7. with Ji^. 
8. it is obvious that, as the incident ray A M m^. 8. is nearer 
the perpendicular C M than the same ray is in^. 7., the re- 
flected ray M F will also be nearer the perpeMicular C M 
than the same ray in^. 7. ; and as the same is ti ue of the 
reflected ray N F, it follows that the point F must be nearer 
C in^^. 8. than injj?^. 7. ; that is, in the reflexioD of diverg- 
ing rays tJie focal distance D F of the mirror is greater thw 
its focal distance for parallel rays. 

If we suppose the point of divergence A, Jig, 8., or the 
radiant point, as it is called, to approach to C, the incident 
rays A M, A N will approach to the perpendiculars C M, C N, 
and consequently the reflected rays M F, N F will also ap- 
proach to C M, C N ; that is, as the radiant point A approaches 
to the centre of concavity C, the focus F also approaches to 
it, so that when A reaches C, F will also reach C ; that is, 
when rays diverge from the centre, C, of a concave mirror, 
they wUl all be reflected to the same point 

If the radiant point A passes C towards D, then the focus F 
will pass C towards A ; so tliat if the light now diverges from 
F it will be collected in A, the points that were formerly the 
radiant points being now the foci. From this relation, or in- 
terchange, between the radiant points and the foci, the points 
A and F have been called conjugate foci, because if either 
of them be the radiant point the other will be the focal point 

If inj^^. 7. we suppose F to be the radiant point, then the 
focal point A will be at an infinite distance ; that is, the rays 
will never meet in a focus, but will be parallel, like M A, N A 
in fig. 7. 

In like manner it is obvioup, that if the point F is at/, as in 
fig. 9., the reflected rays will be M cr, N a ; that is, they will 
diverge from some point, A', behind the mvemt M N ; and as 
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Fig. 9. 
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/approaches to D, they will diverge more and more^ as if the 
point A', from which they seem to diverffe, appraached to 
D. The poin^' behind the mirror, from which the rays Ma, 
N a seem to proceed, or at which they wonld meet if they 
moved hackwuds in the directions a M, a N is called their 
wtwdfocus^ becanse they only tend to meet in that focus. 

Li all these cases the distance of the fecus F may be deter- 
mined either by projection or by the following rule, the radius 
of the concavity of the mirror, C D, and the distance, A D, 
of the radiant point, being given. 

Rule. Multiply the distance, A D, of the radiant point from 
the mirror by tne radius, C D, of the mirror, and divide this 
product by the difference between twice the distance of the 
radiant point and the radius of the mirror, and the quotient 
will be F D, the conjugate focal distance required. 

In applying this rule we must observe, what will be readily 
seen from the figures, that if twice A D is less than C D (as 
9!tf,fig, 9.), the rays will not meet before the mirror, but will 
have a virtual focus behind it, the distance of which from D 
will be given by the rule. 

(20.) Reflexion of converging rays. Let M N,Jig. 10., be 
a concave mirror whose centre of concavity is C, and let rays 
A M, A D, A N, converging to a point A' behind the niirror, fall 
upon the mirror at the pomts M, D, and N, and suffer reflexion 
at these points ; M and N being near to D. The lines C M, C D, 
and C N being perpendicular to the mirror at the points M, D, 
and N, we sh^ find the reflected rays M F and N F by making 
the angle F M C equal to A M C, and F NC equal to A N C; 
and the point F, where these rays meet, will be liiefo<ms where 
the converging rays A M, A N are collected. By comparing 
Jig. 10. with Jiff. 7. it will be manifest, that, as the incident ray 
A M in Jig. 10. is farther from tlie perpendicular C M tlian 
the same ray A M iajig. 7., the reflected ray M F in^^. 10. 
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Fig. 10. 




will also be fiirther from the perpendicular C M than the same 
ray in fig, 7. ; and as the same is true of the reflected ray N F, 
it follows that the point F must be fiirther &om C mfig, 10. 
than in^^. 7. ; that is, in the reflexion of converging ra^s, 
the conjugate focal distance D F of the mirror is less than its 
distance for parallel rays. 

If we suppose the point of convergence A\fig, 10., to ap- 
proach to D, or the rays A M, A N to become more conver- 
gent, then the incident rays A M, A N will recede from the 
perpendiculars CM, C N ; and as the reflected rays M F, 
N F will also recede from C M, C N, the focus F will like- 
wise approach to D; and when A' reaches D, F will also 
reach D. 

If the rays A M, A N become less convergent, that is, if 
their point of convergence A' recedes farther from D to the 
lefl:, the focus F will recede from D to the right ; and when 
A' is infinitely distant, or when A M, A N are parallel, as in 
fig. 7., F will be half-way between D and C. 

In these cases the place of the focus F will be found by the 
following rule. 

Rule. Multiply the distance of the point of convergence 
Irom the mirror by the radius of the mirror, and divide this 
product by the sum of twice the distance of the radiant point 
and the radius C D, and the quotient will be the distance of 
the focus, or F D, the focus F being always in front of the 
mirror. 

Reflexion of Rays from Convex Mirrors, 

(21.) Reflexion of parallel rays. Let M N, fig, 11., be a 
convex mirror whose centre is C, and let AM, A D, A N be 
parallel rays fiiUing upon it Continue the lines C M and C N 
to £, and M E, N E will be perpendicular to the sur&ce of 
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at the points M and N. The nys A M, A N will 
be reflected in directions M B, N B, the angles of 
S M B, E N B beinj^ equal to the angles of incidence 

N" A. Bf continuing the reflected rajrs B M, B N 
I, they will be found to meet at F, their virtual focus 
d minor; and the focal di^rtance D F for parallel rays 

FIg.lL 




almost exactly one half of the radius of oonveiily 
vided the points M and N are taken near D, 
Rqftexion of diverging rays. Let M N,^. 12., be a 
tunatf C its centre of convexity, and A M, AN rays 



o^^:^ 
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ff frcmi A, which fidl upon the mirror at the points 
The linesCME and ONE will be, as before, per- 
ar to the mirror at M and N ; and consequently, if 
e the angles of reflexion E M B, E N B equal to the 
f incidence E M A, E N A, MB, N.B will be the re- 
nys which, when continued backwards, will meet at 
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F, their virtual focus behind the mirror. By CQmpariii|r JS^ 
12. with Jiff, 11., it is obvious that the ray A M, Jiff, 12., 
fiurther from M E than in fy^, 11., and consequently the 
fleeted ray MB must also be fiurther &om it Hence, as 
same is true of the ray N B, the point F, where these ra] 
meet, must be nearer to D in J^. 12. than in fiff, 11. ; that 
in the reflexion of diverging rays, the virtual focal 
D F is less than for parallel rayB. 

For the same reason, if we suppose the point of divergence.; 
A to approach the mirror, the virtual focus F will also approadi'' 
it ; and when A arrives at D, F will also arrive at D. la like' 
manner, if A recedes from the mirror, F will recede from it;- . 
and when A is infinitely distant, or when the rays become j 
parallel, as in Jiff. 11., F will be half-way between D and C. In 
all these cases, the focus is a virtual one behind the mirror.* 



CHAP. n. 

IMA6ES FORMED B¥ MIRRORS. 

(23.) The image of any object is a picture of it formed 
either in the air, or in the bottom of the eye, or upon a wMte 
ground, such as a sheet of paper. Images are generally form- 
ed by mirrors or lenses; though they may be formed also by 
placing a screen, with a small aperture, between the object 
and the sheet of paper which is to receive the image. Li 
order to understand this, let C D be a screen or windownshut- 




ter with a small aperture, A, and E F a sheet of white paper 
placed m a dark room. Then, if an illuminated object, RGB, 
M ^bced on the outside of the shutter, we shall observe an in- 
verted ima^ of this object painted on the paper at r ^ 6. In 
order to understand how thu takes place, let us suppose the 
object R B to have three distinct colors, red at R, ipreen at G, 
and blue at B; thai it is plain that the red light nom R will 

* For a diwunion of the subjects in tliis chapter, see (in the College Edi- 
tion) the Appendix of American Editor, Chapter I. 
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ri in strai^t lines through the aperture A, and fall upon 
paner E F at r. In like manner the green lidit from G 
' lil fiul upon the paper at g, and the blue light frcxn B will 
I IB ODon the paper at b ; thus painting upon me paper an in- 
mrtea image, rb, of the object, R B. As every colored point 
htbe object R B has a colored point corresponding to it, and 
^pwite to it on the paper E F, the image b r will be an ac- 
cmte picture of the object R B, provided the aperture A is 
fBiy snudL But if we increase ibe aperture, the imaee will 
leoome less distinct; and it wiU be nearly obliteratea when 
tte aperture is large. The reason of this is, that^ with a 
htfe aperture, two adjacent points of the object will throw 
their ^g[ht on the same point of the paper, and thus create 
eonfusion in the image. 

It is obvious firom^. 13., that the size of the imacfe 6r will 
increase with the distance of the paper E F behind the' hole 
A. If A^ is equal to A G, tJie image will be equal to the 
object; if A^ is less than A G, the image will be less than 
the object; Sad if A^ is greater than AG, the image will 
be greater than the o^ect 

As each point of an object throws out rays in all directions, 
it is manifest that those only which fall upon the small aper- 
tore at A ocxicur in fermlng the ima^ br; and as the num- 
ber of these rays is very small, the image 6 r must have very 
little light, and therefi>re cannot be usS for any optical pur- 
poses. This evil is completely remedied m the formation of 
images by mirrors and lensea 

(&.) Formation of images by concave mirrors. Let A B, 
j^. 14, be a concave mirror whose centre is C, and let M N 
be an object placed at some distance before it Of all the 

Fig.U. 




itya emitted in every direction by the point M, the mirror re- 
ceives only those which lie between M A and M B, or a cone 
of ravs MA B whose base is the spherical mirror, the section 
of which is A R If we draw the reflected rays A m, B wi, 
fiv aU thd incident ravs M A, M B, by the methods already 
described, we shall find that they will all meet at the point m, 
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and will there paint the extremity M of the object II I ^ 
manner, the cone of rays NAB flowing from the other ! 
tremity N of the object will be reflect^ to a fecus atn, j - 
will there paint that point of the object For the same reaaf^" 
cones of rays flowing &om intermediate points between l> 
and N will be reflected to intermediate points in the ima^' ^ 
between m and n, and m n will be an exact inverted pictup^ 
of the object M N. It wiU also be very bright, because t- 
great number of rays concur in forming each point of tb^^ 
image. The distance of the ima^ from the mirror is fouDC^ 
by me same rule which we have given for finding the focus ol^ 
divermng rays, the points M, m in^. 14. corresponding witij^ 
A and F in^^. 8. 

If we measure the relative sizes of the object M N and i 
image mn, we shall find that in every case the size of thi 
image is to the size of the object as the distance of the imagel 
from the mirror is to the distance of the object from it 

If the concave mirror A B is large, and if the object M N 
is very bright, such as a plaster of raris statue stnnigly illu- 
minated, the image m n will appear suspended in the air; and 
a series of instructive experiments may be made by varying 
the distance of the object, and observing the variation in the | 
size and place of the image. When uie object is placed at 
m 71, a magnified representation of it will be rarmed at M N. 
(25.) Formation of images by convex mirrors. In concave 
mirrors there is, in all cases, a real ima^e of the object fi)nned 
in front of the mirror, excepting when me object is placed be- 
tween the principal fixms and the mirror, m which case it 
gives a virtual image formed behind it ; whereas in convex 
mirrors the image is always a virtual one fonned behind the 
mirror. 
Let A B,^. 15., be a convex mirror whose centre is C, and 
P^j. i^ M N an object placed before it ; and let 

the eye of the observer be situated any- 
where in front of the mirror, as at £. 
Out of the ^eat number of rays which 
are emitted in every direction from the 
points M, N of the object, and are sal^ 
sequently reflected from the mirror, a 
few onlv can enter the eye at £. Those 
which do enter the eye, such as D E| 
FEandGE,HE,willbe reflected 
from the portions D F, G H of the mir- 
ror so situated with respect to the eye 
and the points M, N that the angles of incidence and reflexion 
will be equaL The xay M D will be reflected in a direction 
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tE, forming the same angle that M D does with the perpen- 
icular C N, and the ray N G in the direction G E. In like 
lanner, F E, H E will be the reflected rays corresponding to 
he incident ones M F, N H. Now, if we continue backwards 
he rays D E, F E, they wDl meet at m ; and they will there- 
)re appear to the eye to have come from the point m as their 
x;us. For the same reason the rays G E, H E will appear to 
ome from the point n as their focus, and m n will be tiie vir- 
ual image of the object M N. It is called virtual because it 
3 not formed by the actual union of rays in a focus, and cannot 
e received upon paper. If the eye E is placed in any other 
oeition before the minor, and if rays are drawn from M and 
•f, which after reflexion enter the eye, it will be found that 
hese rays continued backwards will have their virtual foci at 
1 and n. Hence, in every position of the eye before the mir- 
or, the image will be seen in the same spot m n. If we draw 
he lines C M, C N from the centre of the mirror, we shall 
ind that the points m, n are always in these lines. Hence it 
3 obvious that the image m n is always erects and less than 
he object. It will approach to the muror as the object M N 
ipproaches to it, and it will recede from it as M N recedes ; 
ind when M N is infmitely distant, and the rays which it 
mits becOToe parallel, the image m n will be half-way be- 
ween C and the mirror. In other positions of the object the 
listance of the ima^e will be found by the rule already given 
or diverging rays felling upon convex mirrors. The size of 
he image is to the size of the object, as C m, the distance of 
he image from the centre of the mirror, is to C M, the dis- 
ance of the object -In approaching the mirror, the image 
nd object approach to equality ; and when they touch it, they 
re both of the same size. Hence it follows that objects are 
Iways seen diminished in convex mirrors, unless when they 
x;tually touch the mirror. 
(26.) Farmation of images by plane mirrors. Let A B, 
Fig. 16. Jig, 16., be a plane mirror or looking-glass, 

M N an oWect situated before it, and E 
the place of the eye ; then, upon the very 
same prir/uples which we have explained 
for a convex mirror, it will be found that 
an image of M N will be formed at m n, 
the virtual foci m, n being determined by 
continuing back the reflected rays D E, 
F E till they meet at m, and G E, H E till 
they meet at w. If we join the points 
M, m and N, n, tlie lines M m, N h will 
C 
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position behind the nuiror that the object lua before it 

we see the reason why the images of all objects seen in a 

lookiog-glas have the same Gsm and distance oa the cbjecti 



DIOPTRICS. 

(27.) DioFTBioB is that branch of optica which treats rf the 

prwreas of those raya of light which enter trtmspoieDt bodiea 
and are transmitted through their substance. 



REFRACTION. 

(28.) When light pafees through a drop of water or a juece 
of gloss, it obviously suffers some change in its directitn, be- 
cause it does not illuminato a piece of paper placed behud 
these bodies in the same manner as it did before they were 
placed in its way. These bodies have therefore exercised 
some action, or produced eome change upon tJie light, during 
its progress through them. 
In wiei to discover the nature of this change, let A B C D 
'^' 1^- be an empty vessel, having b. bole 

1^ H in me of its sides B D, and let a 
lighted candle S be placed within a 
few feet of it, BO that a ray of its 
■■ [ht S H may M upon the bottom 
D rf flie vefflel, and form a rr — ' 




jpot of light at a. The beam of 
ifcht 8 H R a wi 



light 8 H R a will be a straif^ 
line. Having marked the pomt a which the ray from 8 
strikes, pour water into the vessel till it rises to the level E F. 
As BOon as the sur&ce of the water has became smooth, it will 
be seen that the round spot which was formerly at a is now 
at £, and that the ray S H R fi is bent at R ; H R and R £ 
being two straight lines meeting at R, a point in the suiftce 
of the water. Hence it ftJlows, that all objects seen under 
water are not seen in their true direclitm by a persoa whose 
eye is not immersed in the water. If a Sah, fer example, is 
lying at 6,jJy. 17., it will be seen by an eye at S in the direc- 
tiOD S a, tiie direction of the retracted ray R S; so that, in 
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order to shoot it with a ball, we must direct the gun to a 

punt neacer us than the point a. For the same reason, every 

pat of an object under water appears in a place difl^rent 

iroDi its true place ; and the difference between the real and 

apparent place of any point of an object increases with its 

depth beneath the surface, and with the obliquity of the ray 

R S by which it is seen. A straight stick, one half of which 

is inunersed in water, will therefore appear crooked or bent 

into an angle at the point where it enters the water. A 

stnight rod S R a, for example, will appear bent like S R 6 ; 

and a rod bent will, for a like reason, appear straight. This 

eSset must have been often observed in the case of an oar 

dimiing into transparent water. 

jQT in place of water we use alcohol, oil, or glassj the sur- 
fiu^es of all these bodies coinciding with the line E F, we shall 
find that they all have the power of bending the ray of light 
S R at the point R ; the aloobcd bending it more than the 
water, the oil mom than the alcohol, and the glass more than 
the oiL In the case of glass, the ray would he bent into the 
direction R c The power which thus bends or changes the 
directioa of a jsy ot light is called refiactUm, — a name de- 
rived from a Latm wora, signifying breaking hack, — because 
the ray S R a is broken at K, and £e water is said to re&act, 
or break the i^y, at R. Hence we may conclude that if a 
ray of light, passing through air, fidls in an oblique or slanting 
direction on the sur&ce of solid or fluid bodies that are trans- 
parent, it will be re&acted towards a line, M N, perpendicular 
to the surfiice £ F at the ix)int R, where the ray enters it ; 
and that the quantity of this refraction, or the angle a R 6, 
varies with the nature of the body. The power by which 
bodies produce this effect is called their refractive power, and 
bodies that produce it in different degrees are said to have 
different refracUve powers. 

Let the vessel A B C D be now emptied, and let a bright 
object, such as a sixpence, be cementea on the bottom of it at 
s. If the observer places himself a few feet from the vessel, 
he will find a position where he will see the sixpence at a 
throu^ the hole H. If water be now poured into the vessel 
im to Is F, the observer will no longer see the sixpence ; but 
if another sixpence is placed at a, and is moved towards h, it 
will become visible when it reaches b. Now, as the ray from 
the sixpence at h reaches the eye, it must come out of the 
water at a point, R, in the surface, found by drawing a straight 
line, SHR, through the eye and the hole H; and conse- 
quently b R must be the direction of the ray, which makes 
the sixpence visible, before its refraction at R. But if tliis 
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ray had moved onwards in a straight line, without heing re« 
fracted at R, its path would have l^en b h ; whereas, in con- 
sequence of the refraction, its path is R H. Hence it follows^ 
that when a ray of light, passing through any dense medium, 
such as water, &c., in a direction oblique or slanting to its 
surface, quits the medium at any point, and enters a rarer 
medium, such as air, it is refracted from the line perpendicu- 
lar to tlie surface at the point where it quits it 

When the ray S H R from the candle falls, or is incident 
upon the surface E F of the water, and is refracted in the di- 
rection R b, towards the perpendicular M N, the angle M RH 
which it makes with the perpendicular, is called the angle of 
incidence ; and the an^le N R ft, which the ray R b bent or 
refracted at R makes with the same perpendicular, is called 
the angle of refraction. The ray H R is called the incident 
ray, and R b the refracted ray. But when the light comes 
out of the water from the sixpence at ft, and is refracted at R 
in the direction R H, ft R is the incident ray and R H the 
refracted ray. The an^le N R ft is the angle of incidence, 
and M R H the angle or refraction. 

Hence it follows, that when light passes out of a rarer into 
a denser medium, as from air to water, the angle of incidence 
is greater than the angle of refraction; and when light 
passes out of a denser into a rarer medium, as out of water into 
air, the angle of incidence is less than the angle of refrac- 
tion: and these angles are so related to one another, that 
when the ray which was refracted in the one case becomes 
the incident ray, what was formerly the incident ray becomes 
the refracted ray. 
(29.) In order to discover the law, or rule, according to 

which the rays of light enter or quit 
water, or other refracting media, so 
that we may be able to determine the 
refracted ray when we know the di- 
rection of the incident ray, describe a 
circle M N upon a square board 
A B C D, fig, 18. standing upon a 
heavy pedestal P, and draw the two 
diameters M N, E F perpendicular to 
one another, and also to the sides, A B, 
A C of the piece of wood. Let a 
small tube, H R, be so made that it 
may be attached to the board along 
any radius H R, H' R, or, what would 
be still better, that it may move 
freely round R as a centre. Let the board with its pedestal be 
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jdaced in a pod or tub of water, or in a glfus vessel of water, so 
that the surface of the water may comcide with the line £ F 
without touching the end R of the tube H R. When the tube 
is in the position M R, perpendicular to the surface E F of the 
water, admit a ray of light down the tube, and it will be seen 
that it enters the water at R, and passes straight on to N, 
without BoSering any chfgoge in its direction. Hence it fbl- 
loWB^ tte a ray of light incident perpendicularly on a re-' 
fimeHmg twrface experiences no refraction or change in its 
Oreeiion. If we now place a sixpence at N, we shall see 
itthroagfa the tube M R; so that the rays from the sixpence 
quit the water at R, and proceed in the same straight line 
N R IC Hence a ray qf light quitting a refracting surface 
perpemdjcuhrly undergoes no refraction or change of direc- 
Hon, If we now bring the tube into the position H R, and 
m&ke a ray of li^ht pass along it, the ray will be refracted at 
R in some directicm R 6, the angle of refraction N R 6 being 
leas than the angle of incidence M R H. If we now with a 
pair of compasses, take the shortest distance 6 n of the point 
6 from the perpendicular M N, and make a scale of equal 
parts, <^ which 6 n is one part, the scale being divided into 
tenths and hundredths, and if we set the distance H m upon 
this scale, we E^iall find it to be 1*336 of these parts, or 1} 
nearly. If this experiment is repeated at any other position, 
H'R, of the tube where R 6' is the refracted ray, we shall 
find that on a new scale, in which 6' n' is one part, H' m' will 
also be 1*336 parts. But the lines H m, H' m' are called the 
nnes of the angles of incidence H R M, H' R M, and b n, 
h' n' the sines of the angles of refraction 6 R N, 6' R N. 
Hence it follows, that in water the sine of the angle of inci- 
dence is to the sine of the angle of refraction as 1*336 to 1, 
wtmtever be the position of the ray with respect to the surface 
E F 0^ the water. This truth is called by optical writers the 
ixmsUmt ratio of the sines. By placing a sixpence at 6, we 
shall find that it wQi be seen through me tube when it has 
the position H R ; and placing it at 6', it will be seen through 
it in the position H' R. Hence, when light quits the surfiice 
of water, the sine of its angle of incidence 6 R N will be to 
the sine of its angle of refraction H R M as 1 to 1*366, as 
these are the measures of the sines &n, H m ; and since these 
are also the measures of h'n' H' m' upon another scale, in 
which h' n' is unity, we may conclude that, when light 
emerges from water into air, the sines of the angles of inci- 
dence and refraction are in the constant ratio of 1 to 1*336. 

If we make tlie same experiment with otlier bodies, we 
shall obtain different degrees of refraction at the same angles; 

C2 
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but in ever^ case the sines of the angles df incidence and 
refraction will be found to have a constant ratio to each other. 

The number 1*336, which expresses this ratio for vxUer, ia 
called the index of refraction for water, and sometimes its 
refractive power, 

(30.) As philosophers have determined the index of refrac- 
tion for a great variety of bodies, we are able, from those de- 
terminations, to ascertam the direction of any ray when re- 
fracted at any angle of incidence &om the surface of a given 
body, either m entering or quitting it Thus, in the case of 
water, let it be required to find the direction of a ray, H R,Jiff. 
18., after it is refracted at the surface E F of water : draw R M 
perpendicular to E F at the point R, where the ray H R enters 
the water, and from H draw H m perpendicular to M R. 
Take H m in the compasses, and make a scale in which this 
distance occupies 1*336 parts, or IJ nearly. Then, taking 1 
on the same scale, place one foot of the compasses in the 
quadrant N F, and move that foot towards or from N tDl the 
other foot falls upon some one point n in the perpendicular 
R N, and in no other point of it. Let b be the point on which 
the first foot of the compasses is placed when the second falls 
upon n, then the line R 6 passing through this point will be 
the refracted ray corresponding to the incident ray H R. 

(31.) Table I. (Appendix) ccaitains the index of refraction 
for some of the substances most interesting in optics. 

(32.) As the bodies contained in these tables have all dif- 
ferent densities, the indices of refraction annexed to their 
names cannot be considered as showing the relation of their 
absolute refractive powers, or the refractive powers of their 
ultimate particle& The small refractive index of hydrogen, 
for example, arises fi'om its particles being at so great a distance 
from one another ; and, if we take its specific gravity into 
account, we shall find that, instead of having a less refractive 
power than all other bodies, its ultimate particles exceed all 
other bodies in their absolute action upon light. 

Sir Isaac Newton has shown, upon the supposition that the 
ultimate particles of bodies are equally heavy, and that the 
law of the forces which difierent media exert is of the same 
form in all, that the absolute refractive power is equal to the 
excess of the square of the index of refraction above unity, 
divided by the specific gravity of the body. 

In this way Table II. (Appendix) has been calculated. 

Mr. Herschel has justly remarked, that if, according to the 
doctrines of modem chemistry, material bodies consist of a 
finite number of atoms, differmg in tlieir actual weight for 
every differently compounded substance, the intrinsic refrac- 
tive power of the atoms of any given medium will be the 
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pfodoct arising from multiplying the number for the mcdiunj, 
m Table II. by the weight ot its atom. 

(33.) In examining Table II., it appears that the subf^tances 
which contain fluoric acid have the least absolute retractix c 
power, while all inflammable bodies have the greatest. 'J'lio 
bigb absolute retractive power of oil of cassia, which is placed 
tbove all otlicr fluids, and even above diamond, indicates tiic 
great inflammability of its ingredients, f 



CHAP. IV.* 

REFRACTION TIIROLGU FRISXS AND LENSES. 

(34). By means of the law of refraction explained in the 
preceding pages, we are enabled to trace a ray of light in its 
passage Sirough any medium or body of any figure, or tlirough 
loy number cf bodies, provided we can always find tlie incli- 
nation of the incident ray to that small portion of the surface 
where the ray eitlier enters or quits the body. 

The bodies generally used in optical experiments, and in 
the construction of optical instruments, wliere the effect is 
pmtluced by refraction, are pristns, plane glasses, sjdieres, 
and lenses, a section of each of which is £own in tlie an- 
nexed figure. 

Flff. 19. 




L The most common optical prism, shown at A, is a solid 
having two plane sur&ces A R, A S, which are called its re- 
fracting surfaces. The face R S, equally inclined to A R 
and A § is called the base of the prism. 

2. A plane glass, sho>vn at B, is a plate of glass with two 
plane surfaces, ab,cd, parallel to each other. 

8. A sphericdl lens, shown at C, is a sphere, all the points 
in its somce being equally distant from the centre O. 

4. A double convex Urns, shown at D, is a solid formed by 
tuH) convex ^erical surfaces, having their centres on oppo- 
site sides of the lens. When the radii of its two surfiuieg are 
equal, it is said to be etfually convex; and when the radii are 
unequal, it is said to be an unequaUy convex lens, 

* For the aubjects treated in this and in tiie preceding chapter, see (in the 
College edition) the Apfiendix of Am. ed. chap. iii. 
t See Note No. I. at the close of author's Appendix. 
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5. A plano-convex lens, shown at E, is a lens havin 
of its surfaces convex and the other plane, 

6. A double concave lens, shown at F, is a solid boun( 
two concave spherical sur&ces, and may be either equ) 
unequally concave. 

7. A plano-concave lens, represented at G, is a lens c 
whose surfaces is concave and the other plane, 

8. A meniscus, shown at H, is a lens one of whose su 
is convex and the other concave, and in which the two si] 
meet if continued. As the convexity exceeds the con( 
it may be regarded as a convex lens. 

9. A concavo-convex lens, shown at I, is a lens one of 
sur&ces is concave and the other convex, and in whi( 
two surfaces will not meet though continued. As th< 
cavity exceeds the convexity, it may be regarded as a cc 
lens. 

In all these lenses a line, M N, passing through the c 
of their curved surfaces, and perpendicular to their plar 
&ces, is called the axis. The figures represent only tl 
tions of the lenses, as if they were cut by a plane p 
through their axis ; but the reader will understand th 
convex surface of a lens is like the outside of a watch 
and the concave surface like the inside of a watch-glas 
In showing the progress of light through such lense 
in explaining their properties, we shall still use the sc 
shown in the above figure ; for since every section of the 
lens passing through its axis has exactly the same form 
is true of the rays passing through one section must b 
of the rays passing through every section, and conseq 
through file whole surface. 

(35.) Refraction of light through prisms. As prisn 
introduced into several optical instruments, and are ess 
parts of the apparatus used for decomposing light and 
ming the properties of its component parts, it is nee 
that the reader should be able to trace the progress oi 
through their two refracting surfaces. Let A B C oe a pri 

plate glass whose index of refr 
IS 1*5C&, and let H R be a ray o 
falling obliquely upon its first s 
A B at the point K. Round F 
centre, and with any radius H 
scribe the circle H M 6. Thro 
draw M R N perpendicular tc 
and H m perpendicular to M R. 
anffle H R M will be the angle 
cidence of the ray H R, and H m its sine, which in the p 




I. 
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eise is 1-500. Then having made a scale in which the dis- 
tioce H m is 1-500, or 1^ parts, take 1 part or unity from the 
suae scale, and having set one foot of the compasses on the 
circle somewhere about 6, move it to different points of the 
circle till the other foot strikes only one point n of the line 
RN; the point b thus found will be that through which the 
refiscted ray passes, R 6 will be the refracted ray, and n R 6 
the angle of refraction, because the sine 6 n of tnis angle has 
been made such that its ratio to H m, the sine of the angle of 
incidence, is as 1 to 1*500. The ray R b thus refracted wiU 
go OB in a straight line till it meets the second surfkce of the 
prism at R', where it will again suffer refraction in ttie direc- 
tioo R' b'. In order to determine this direction, make R' H' 
I equal to R H, and, with this distance as radius, describe the 
F circle H' b'. Draw R' N perpendicular to A C, and H' m' 
perpendicular to R' N, and form a scale on which H' m' shall 
be 1 part, or 1-000, and divide it into tenths and hundredths. 
\ From this scale take in the compasses the index of refraction 
I 1-500, or 1} of these parts ; and having set one foot some- 
where in the line R' n', move it to different parts of it till the 
other foot falls npon some part of the circle about b'j taking 
care that the point b' is such, that when one foot of the com- 
passes is placed there, the other foot will touch the line R' n', 
ooQtinned, only in one place. Join R' 6'. Then, since H' R' m' 
is the angle of incidence on the second surface AC, and H'm' 
its sine, and since n' 6', the sine of the angle b' R' n', has been 
made to have to H'm' the ratio of 1-500 to 1, 6'R'n' will be 
tlie angle of refraction, and R' b' the refracted ray. 

If we suppose the original ray H R to proceed from a can- 
dle, and if we place our eye at 6' behind the prism so as to 
receive the refracted ray b' R', it will appear as if it came 
in the direction D R' b', aiid the candle will be seen in that di- 
rectioB; the angle H E D representing its angular change of 
direction, or the angle of deviation, as it is called. 

In the construction of fig, 20., the ray H R has been made 
to &11 upon the prism at such an angle that the refracted ray 
R R' ii equally inclined to the faces A B, A C, or is parallel to 
the base B C of the prism ; and it will be found that the angle 
of incidence on the face of the prism, H R B is equal to tiie 
angle of emergence b' R' C. Under these circumstances we 
shall find, by makmg the angle H R B either greater or less 
than it is in the figure, that the an^le of deviation H E D is 
leas than at any other angle of incidence. If we, therefore, 
place the eye behind tlie prism at 6', and turn the prism 
round in the plane B A C, sometimes bringing A towards the 
eye and sometimes pusliing it from it, wo shall easily discover 
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the pofiition where the image of the candle seen in th 
tion 6' D has the least deviation. When this position h 
the angles H R B and b' R' C are equal, and R R' is 
to B C, and perpendicular to A F, a line bisecting the 
ing angle B A C of the prism. Hence it may be sh< 
the similarity of triangles, or proved by projection, t 
angle of refraction 6 R n at the first surrace is equal to 
hafi' the refracting angle of the prism. But since B 
known, the angle of re&action 6 R n is also known; { 
angle of incidence H RM being found by the preceding n 
we may determine the index of refraction for any prisn 
following analogy. As the sine of the angle of refracti 
the sine of the angle of incidence, so is unity to the ii 
refraction ; or the index of refraction is equal to the 
the angle of incidence divided by the sine of the angli 
fraction. Al 

(36.) By this method, which is very simple in pract 

may readily measure the refractive powers of all bodi 

the body be solid, it must be shaped mto a prism ; and 

soft or fluid, it must be placed in the angle B A C of a 

Fig. SJ. priilqa ABC, Jiff, 21., made by c 

' \<i^^ jn^logather three pieces of plaU 

A B, A C, B C. A very simple 

F prism for this purpose may be m 

fastening together at any ang 

' ''■'I'.i "Ua T ■?^?^ of plate glass, A B, A C, 
bit of wax, P./'^A flrop of the fluid may then be placec 
angle at A, where it wi)l be retained by the force of c{ 
attraction. / 

When light is incident upon the second surface of a 
it may fall so obliquelv that the surface is incapable of : 
ing it, and therefore the incident light is totally reflectt 
the second surface. As this is a curious property of li^ 
must explain it at some length. 

On the total Reflexion of Light, 

(37.) We have ahready stated, that when lig-ht fall 
the met or second sur&ces of transparent bodies, a 
portion of it is reflected, and another aiid much greater 
transmitted. The light is in this case saifl to be portu 
fleeted. When the light, however, falls very obliquel 
the second surface of a transparent body, it is wholly rej 
and not a single ray suflers refraction, or is transmitted 
sor&ce. Let A B C be a prism of glass, whose index 
firaction is 1-500 : let a ray of light G K^flg, 22., be re 
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jjj^ 23. ^^^ ^y ^® ^^ Burfecc A B, w 

as to fall on the point R of the 
second surioce very oblimioly, 
and in the direction K R. Uixin 
R as a centre, and with any ra- 
dius, RII, describe the circle II 
M E N F; tlien, in order to find 
the refracted ray corresponding 
to H R, make a scale on which 
H m is equal to 1, and take in 
die oompaases 1'500 or 1^ from that scale, and setting one 
foot m the quadrant £ N, try to find some point in it, so Uiat 
the other loot may fall only in one point of the radius R N. It 
will soon be seen that there is no such point, and that 1*500 is 
greater even than E R, the sine of an angle E R N of 90°. If 
the distance 1*500 in the compasses had been less tlian E R, 
the ray would have been refracted at R ; but as there is no 
angle of refraction whose sine is 1*500, tlie ray docs not 
emer^ from the prism, but suffers total reflexion at R in tlic 
direction R S, so that the angle of reflexion M R S is equal to 
the angle of incidence M R H. If we construct/^. 22. so as 
to make the incident ray H R take different positions between 
M R and F R, we shall find that the refracted ray will take 
difl^rent positions between R N and R E. There will be 
some positkui of the incident rav about H R, where the re- 
fracted ray will just coincide with R E ; and that will happen 
when the quantity 1*500, taken from tlie scale on which II m 
is equal to 1, is exactly equal to R E, or radius. At all posi- 
tions oF the mcident rav between this line and F R, refraction 
will be impossible, and the ray incident at R will be totally 
reflected. It will also be found tliat the sine of the angle of 
incidence at R, at which tlic light begins to be totally reflect- 
ed, is equal to y.™* ^^ "^^j of i» which is the sine of 41° 48', 
the angle of total reflexion for plate glas& 

The passage from partial to total reflexion may be finely 
seen, Iry exposing one side, A C, of a prism A B C,^. 20., to 
the lignt of the sliy, or at night to the light reflected from a 
laige 6heet of white paper. When the eye is placed behind 
the other side, A B, of the prism, and looks at the image of 
the sky, or the paper, as reflected fnnn the base, B C, of tlie 
prism, it will see when the angle of incidence upon B C is 
leea than 41° 48', the famt light produced by partial reflexion ; 
bat by taming the prism round, so as to render tlie incidence 
mdually more oblique, it will see tlie faint light pass sud- 
lenly into a bright light, and separated from the faint light by 
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a colored fringe, which marks the boundary of the two reflex 
ions at an angle of 41° 48'. But, at all angles of incidence 
above this, the light will suffer total reflexion. 

Refraction of lAght through Plane Glasses. 

(38.) Let M N,Jlg. 23., be the section of a plane glass wifli 

parallel faces ; and let a ray of light, 
A B, fall upon the first suitace at B, 
and be refracted into the direction 
B C : it will again be refracted at its 
emergence from the second sur&ce 
at C, in a direction, C D, parallel to 
A B ; and to an eye at D it will ap- 
pear to have proceeded in a direction 
a C, which will be found by continu- 
ing D C backwards. It will thus appear to come from a pmnt 
a below A, the point from which it was really emitted. This 
may be proved by projecting the figure by the method already 
described ; thou^ it will be obvious also from the considera- 
tion, that if we suppose the refracted ray to become the inci- 
dent ray, and to move backwards, the incident ray will become 
the refracted ray. Thus the refracted ray B C, falling at equal 
angles upon the two surfaces of the plane glass, will suffer 
equal refractions at B and C, if we suppose it to move in op- 
posite directions ; and consequently the angles which the re- 
fracted rays B A, C D form with the two refracting sur&ces 
will be equal, and the rays parallel. 

If we suppose another rajr. A' B', parallel to A B, to fall 
upon the point B', it will sufler the same refraction at B' and 
C', and will emerge in the direction C D', parallel to C D, as 
if it came fh)m a point a'. Hence parallel raysfaUing upon 
a plane glass wiU retain their parallelism after passing 
through it, 
(39). If rays diverging firom any point, A,/^.24., such as 

A B, A B', are incident upon a 
plane glass, M N, they will be 
refracted into the directions BC, 
B'C by the first surface, and 
C D, C D' by the second. By 
continuing C B, C B' backwards, 
they will be found to meet at a, 
a point farther from tlie glass 
than A. Hence, if we suppose 
the sur&ce B B' to be that of sHipding water, placed horizon- 
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tally, an eye within it would see the point A removed to a, 
the diverg^ency of the rays B C, B' C having been diminished 
by refraction at the suimce B B'. But when the rays B C, 
B' C* soiSfer a second refraction, as in the case of a plane glass, 
we shall find, by continuing D C, D' C' backwards, that they 
will meet at ft, and the object at A will seem to be brought 
nearer to the glass ; the rays C D, (^' D', by which it is seen, 
having been rendered more divergent by the two refractions. 
A plane glass, therefore, diminishes the distance of the diver* 
gent point of diverging rays. 

If we suppose D C, D' C to be rays converging to b, they 
will be made to converge to A by the refraction of the two 
Borfiices; and consequently a plane glass causes to recede 
from it the convergent point of converging rays. 

If the two surmces B B', C C are equally curved, the one 
being convex and the other concave, like a watch-glass, they 
will act upon light nearly like a plane glass ; and accurately 
like a plane glass, if the convex and concave sides are so re* 
lated that the rays B A, C D are incident at equal angles on 
each surface: but this is not the case when the sur&ces have 
the same centre, unless when the radiant point A is in their 
conomon centre. For these reasons, glasses with parallel sur- 
&ces are used in windows and fer watch-glasses, as they pro* 
duce very little change upon the form and position of objects 
seen through them. 

4. 

Refraction of LigJU through Curved Surfaces, 

(40). When we consider the inconceivable minuteness of 
the particles of light, and that a single ray consists of a suc- 
cession of those particles, it is obvious that the small part of 
any curved sur&ce on which it Ms, and which is concerned 
in refracting it, may be regarded as a plane. The sur&ce of 
a lake, perfectly still, is known to be a curved sur&ce of the 
nme radius as that of the earth, or about 4000 miles ; but a 
aquare yard of it, in which it is impossible to discover any 
curvature, is larger in proportion to the radius of the eartn 
than the small space on the surface of a lens occupied by a ray 
of light is in relation to the radius of that surface. Now, 
mathematicians have demonstrated that a line touching a curve 
at any point may be safely regarded as coinciding with an in- 
finitely small part of the curve ; so that when a ray of light, 
AB|j$^.25., mils upon a curved refracting sur&ce at B, its 
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ongla of iocidcDCB amtt be 
as A B D, tJie ui^Ig wbtch tlie Of 
A B farma with a liiiR U C, perpend' 
ular to a line M N, wliicb loa^iea, 
b a tangent to, tbe curved Hiui|ee' 
^ B. In all spUerical aurCicea, emi 
those of lansea, the lun^eat H N: 
perpendicular to Uie nidiua C B of '' 
Bur&ce. Hence, ' " ' ' ' — ' 



the consideration of the ta.ngent MN is unnecesauyjl — ^_^_ 
ihe radius C D, drawn throujjh tlie point of inciJeaOB t, t 
the perpendicular trnm which the ajig-le of incidence is to Si 
reckoned. 

Rp/roc(wn nf Light through Sphertn. 

(41.) Let M N be the section of a sphere of piase wi 

centre' is C, and whose index of refraction iBl-5))0; and ._ 

IBToIld laya, Jig.26., HR, H'R', fall u;)au it at eqtial i£»- 

Fie- 30. 




tancEs on eich side of tlie axis C F. If lite ray H It. ia . 
cident Rt K, describe die circle UDb round R; tliruu^Ci 

R draw the line C R D, which will be perpendicular tO \ 

BUrftce at R, nod draw H m pcrpendiculaj: hi R D. Dmw tin 
my R b r Ihroiigh a point b Ibiuul by the method already _._. 
plained, and bo that the sine b » of the angle ol* reI'mctiOD 
6 R C may be 1 on the same scale on which H m is 1-5IKI. 
IJ; then R h will he tlie ray as refracted tiy tlje first surfi 
of the sphere. In like mu.u)ier draw R'r' for the re&ticted 
fay correeponding to H' R'. 

If wa continue the rays R r, R' r', they wUl meet the 
at E!, which wiJl be tlie (bcus of parallel rays for a sint'Io wv™- 
vex flur&ce R P R'; and the focal distance P E may be found 
by tlie tbilowing rule. 

RoLB /or priding Ihe principal form nf a tingle co 

tatface. Divide tJie iiidux of rolraction by ila exce^ obovft 
umty, anil Uie <|iiotient will be the principo) fiical diBtaneo, 
I'Ej Iho rudiufl uf lliu surface, or C K, hciug 1. If C R '- 
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given in inches, then we have to multiply the result by that 
number of inches. When the surface is that of glass, of which 
the index of refraction is 1-5, then the focal distance, P E, will 
ilwajrs be equal to thrice the radius, C R. 

Round r as a centre, with a radius equal to R H, describe 
die circle D' h' h, and, by the method formerly explained, find 
a point b' in the circle, such that b' n\ the sme of the angle 
of refraction b' r n', is 1*500 or 1^ on the same scale on which 
km', the sine of the angle of incidence, is 1 part, and rb'F 
will be the ray refracted at the second sur&ce. In the same 
manner we shall find r' F to be the refracted ray correspond- 
ing to the incident ray R' r', F being the point where r b' cuts 
the axis G E. Hence the point F will be the focus of parol- 
Id rays for the sphere of glass M N. 

If diverging rays fidl upon the points R, R', it \s quite 
clear, from the inspection of the figure, that their focus will 
be on some point of the axis G F more remote from the sphere 
than F, the distance of their focus increasing as the radiant 
point from which they diverge approaches to the sphere. 
When the radiant point is as far before the sphere as F is be- 
hind it, then the rays will be refracted mto (Murallel directions, 
and the ibcns will be infinitely distant Thus, if we suppose 
the rays F r, F r* to diverge from F, then they will emerge 
afler refiraction in the parallel directions R H, R' H'. 

If converging rays fall upon the points R R', it is equally 
manifest that toeir focus will be at some point of the axis, 
G F, nearer the sphere than its principal focus F ; and their 
convergency may be so great that their focus will fall within 
the sphere. All these truths may be rendered more obvious, 
and would be more deeply iui])rcssed upon tlie mind, by tracing 
rays of different degrees of divergency and convergency 
Uirougli the sphere, by the methods already so fully explained. 

(42.) In onler to form an idea of the efiect of a sphere 
made of substances of different refractive powers, in bringing 
parallel rays to a focus, let us suppose the sphere to have a 
radius of one inch, and let the focus F be detennined as in^^. 
2()., when the substances are, 

V— 3-. g , 

Tabashccr 
Water 
Glass 
Zircon 

Hence we find that in tabasheer the distance F Q is 4 inches ; 
m water, 1 inch ; in glass, half an inch ; and in zircon, nothing; 
that is, r and F coincide witli Q, afler a single refraction at K. 
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When the inilcJt of refraction is greater ihun 
diamond and BCvetBl other eubstunces, tiie ray 
will cross Ihe nsia at a point somewhere between ; 
Under certain ciroomstances the my R r will Euffir 
flexion at r, towards another pert of the spliere, whe 
ngattt Buffer total reflesion, bebg carried round the 
fbrence of the spltere, without the power of makmg its eacs] 
tin the ray ia lost by absoiption. Now, aa this is true of evKJ 
posaibie section of the sphere, every such ray, R r, incidenl 
upon it in a circle equidistant fioni the axis, G F, will m " 
similar reflexiims. 

Rbm for finding the /ocas F of a sphere. The disli 
of the focus, F, fiom tlie centre, C, of any sphere may be 
ibund. Divide the index of refraction by twice its ex 
above I, and tlie quotient is the distance, C F, in radii of the 
sphere. If the radius of the sphere is 1 inch, and its refreo- 
live power 1-500, we shall have C F equal to IJ inches, and 
Q F equal to half an inch. 

^ Rrfraclwn of Light (kTougk Convex otuI Concave Svrfaet 
^43.) The method of tracing the progress of a ray which 
enters a convex surface, is ^own in.^. 26. fbr the lay H R, 
and of tracing one entering a concave surface of a 
dium, or quitting a convex sui&ce of a dense one, 
foe the ray R r, in the same figure. 

When the ray enters the concave surface of a denae c 
Hum, or quits a similar surface, and enters the convex an. " 
of a rare medium, the method of tracing its progress is d 
in ^.37., where MN is a dense medium (suppose glax} 




with two concave surfiices, or a Ihick concave lens. Let C,' 
be the centres of Ilia two aurlnces lying in the axis C C, ai™ 
H R, II' R' [arallel rays incident on the first surface. As C R 
ia perpendicular to the surface at R, 11 R C will he the 
■" ' *' and if a circle ia described witji a 
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Rhfhm will be the sine of that angle. From a scale on 
which A m is 1-500, take in the compasses 1, and find some 
point, b, in the circle whore, when one foot of the compasses 
is placed, tlie otlier will fall only on one pomt, n, of the per- 
pendicular C R: the line R b drawn through this pomt will 
be the refracted ray. By continuing this ray 6 R backwarids, 
it will be found tliat it meets the axis at F. In like manner 
it will be seen that the ray H' R' will be refracted in the dir 
rection R' r', as if it also diverged from F. Hence F will be 
the virtual focus of parallel rays refracted by a single concave 
surface, and may be found by the following rule. 

Rui.E farfindinfr the principal focus of a single concave 
surface. Divide the index of refraction by its excess above . 
umty, and the quotient will be the principal focal distance . 
P E, the radius of the surface, or C E, bemg 1. If the radius '^^ ' 
C E is given in inches, we have only to multiply C F, thus 
obtained by that number of inches, to have the valifls of F E 
m uiches. 

If, by a similar method, we find the refracted ray r <2 at the 
emergence of the ray r b from the second surface rr' ot the 
lens, and continue it backwards, it will be found to meet the 
axis at /; so that the divergent rays R r, R' r' are rendered 
still more divergent by the second surface, and /will be the 
focus of the lens M N. 

Refraction of Light through Convex Lenses. 

(44). Parallel rays, Rays of light fallmg upon a convex 
lens parallel to its axis are refracted in precisely the same 
manner as those which fall upon a sphere ; and the refracted 
ray may be found by the very same methods. But as a sphere 
had an axis in every possible direction, every incident ray 
mu.st be parallel to an axis of it ; whereas, in a lens which 
has only one axis, many of the uicident rays must be oblique 
ti) that axis. In every case, whether of spheres or lenses, all 
the rays that pass along tlie axis sufier no refraction, because 
tiie axis is always perpendicular to tlie refractmg surfiice. 

When parallel rays, R L, R C, R L, Jig. 28., fall upon a 
double convex lens, L L, parallel to its axis R F, the ray R C 
which coincides with the axis will pass through without suf- 
furinfj any refraction, but the other rays, R L, R L, wiU be 
refracted at each of the surfaces of the lens ; and the refract- 
Cfl rays corresponding to them, viz. L F, L F, will be found, 
by the method already given, to meet at some point, F, in the 

WJien the rays arc oblique to the axis, as S L^ S L, T In 

D2 




p 



L 



T L, lie mya S C, T C, wiiicli poss through the centre, C, d 
the lena, will suffer refisction at each euiface ; but as the two 
refractions are equa], and in opposite directions, the finaJly le- 
fracted ntys C/ C/' will be parallel to S C, T C. Hence, ii) 
considering oblique rojs, such as S L, T L, we may re^oj 
iinea 8/ T/' passing through llie centre, C, of the lens as "'' 
directions of the refracted rays corresponding to S C, T C. 
the methods already explained, it will be found that S Ii,.S L ' 
be rc&acted to a common point,/, io the direction of the < 
trol ray S/ and T L, T L, to the point/'. The fecal dista 
P C, or /"C, may bo found numerically by the following ruH 
when the thickness of the lens is so small that it may ba 
neglected. 

Rxnxforjoidine the principal focus, or the foaig of pan 
. . lei ray», for a gUixs lens unetjuaUy convex. Multiply t 
radius oftho one surface by the radius of the ottier, anddivids 
twice this product by the sum of the same radiL 

When tiie lens Js of g-lass and equally convex, the focal di 
I tance will be equal to the radius. 

Rulb/dt Ifte principal focus of a plano-convex lent of 
glais. Wlien the convex side is exposed to parallel raya, tna 
distance of the focus froni tlie plane side, will be equgd ts 
twice the radius of the convex surface, diminished by twd 
thirds of the thickness of the lens. 

When the plane side ia exposed to parallel rays, the dia^ 
tance of the focus from the convex side will be equal to twice* 
the radius. 

(45.) Divtr^ng rays. When diver^g rays, R L, R L, 
^.29., radiating from the pomt R, fell upon the double c~ 
vex lena L L, whoee princifHl focus is at O and O', their fb . 
will be at some point F more remote than O. If R approochM 
to L L, the focus P wilt recede frim L L. When R come* 
o P, ea that P C is equal to twice the principal focal distanca 
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C O, the focus F will be at P' as fiir behind the lens as the 
radiant point P is before it. When R comes to O', the ^us 
P will be infinitely distant, or the rays L F, L F will be par- 
allel ; and when R is between O' and C, the refracted rays 
will diverge and have a virtual focus before the lens. The 
ibeas F (^ a gloss lens, when the thickness is small, will be 
found by the following rule. 

"Rvui for finding the focus of a convex lens for dwerging 
rays. Multiply twice the product of the radii of the two sur- 
&ce8 of the lens by the distance, R C, of the radiant point, , 
for a dividend. Multiply the sum of the two radii by the ' 
same distance R C, and from this product subtract twice the 
product of the radii, for a divisor. Divide the above dividend 
by the divisor, and the quotient will be tlie focal distance, C F, 
reauired. 

If the lens is equally convex^ the rule will be this. Multi- 
|dy the distsuce en the radiant point, or R C, by the radius of 
tte sorfiuses, and divide that product by the difference between 
the same distance and the radius, and the quotient will be the 
focal length, C F, requured. 

When the lens is planoconvex^ divide twice the product of 
the distance of the radiant point multiplied by the radius by 
the difference between that distance and twice the radius, and 
the quotient will be the distance of the focus from the centre 
of the lens. 

{48.) For converging rays. When rays, R L, R L, con- 
verging to a point /j7^. 30., fall upon a convex lens L L, they 
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win be 80 refracted as to converge to a point or focus F nearer 
the lens than its principal focus O. As the point of con- 
vergence/recedes from the lens, the point F will also recede 
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from it townrfa O, wJiich it just reacliea wbon 

comes infinitely dietant When / approache 

also approaches it. The focus F of a glass lens loa 

fbuml wlicn ttie thickness is stn»Il, by the following rule :■ 

Rtile for findaig ihefocia of converging rays. tS^ 
twice the product of the rulii M the two surfaces t£ the 
by the diatancdyC of the point of convergence, for a 
lieniL Multiply the sum of the two ra^ii by the suae 
tunce/C, tind to tills product add twice the productiij 
mdii, for a, divisor. Divide the above dividend oy the dfi 
and the quotient will be the focal distance C F required. 

If the lens ia eqtiatlt/ convex, multiply the dialancB^I 
the radius of the sur&ce, and divide that product by the 
of the same distance and the radius, and the quotient wil 
the focal length P C re<iuired. 

When the lens ia p/ano-eonrex, divide twice the pro 
of the distance /C multiplied by the radius bylho sue 
that distance and twice the radius, and tlie quotient wil 
the focal distance F C required. 

R/fraelion of Light through Concave Lcn»e». 
(47.) Parallel rays. Let L L be a double concave len^ 




R L, R L parallel mys incident upon it ; these rays wil 
verge atlcr refraction in the directions L r, L r, as if 
radiated from a uiiint F, wliich is the virtual focus of the '. 
The rule for finding F C ia the same as for a convex Ions. 
(^) Diiierging rays. When the lens 1, L receives 




II, tliey will be refracted 
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linefl^ Lr, Lr, diverging from a focus F, more remote &om 
the lens than the principal focus O, and the fecal distance, 
P C, will be found by the following rule : — 

Kjtle for finding the focus of a concave lens of glass, for 
diverging rays. Multiply twice the product of the radii by_ ^ur 
tiie mstance, R C, of the radiant point for a dividend. Mul-" 
tiply the sum of the radii by the distance R C, and add to this 
twice the product of the radii, for a divisor. Divide the divi- 
dend by the divisor, and the quotient will be the focsl distance. 

If the lens is equally concave, the rule will be this. Mul- 
tiply the distance of the radiant point by the radius, and divide 
the product by the sum of the same distance and the radius, 
and the quotient will be the fecal distance. 

When the lens is plano-concave, multiply twice the radius 
by the distance of the radiant point, and divide this product v ^ r 
by the sum of the same distance and twice the radius; the 
quotient will be the focal distance. 

(49). Converging rays. When rays, R L, R L, fig, 33., 



I4.r 



1^.33. 



'I r 



c»- 




Ki 



omverging to a point /, fall upon a concave lens, L L, they 
will be refracted so as to have their virtual focus at F, and the 
distance F C will be found by the rule given for convex lenses. 
The rale for finding the focus of converging rays is exactly 
the same as that for diverging rays in a double convex lens. 

When the lens is plano-concave, the rule for finding the 
focus of convermng rays is the same as for diverging rays on 
a pkno^xuvez Tens. 

Reaction qf Light through Meniscuses and Concavo-con" 

vex Lenses of Glass, 

(50.) The general effect of a meniscus in*refractmg paral- 
lel, diverging, and converging rays, is the same as that of a 
convex lens of the same focal length ; and tlic general effect 
of a concavo-convex lens is the same as that of a concave lens 
of the same focal length. 

Rule ybr a meniscus with parallel rays. Divide twice the 
product of the two radii by their difference, and the quotient 
will be the focal distance required. 
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Rums ybr a meniscus with diverging rays. Multiply twice 
the distance of the radiant point by the product of the two 
radii for a dividend. Multiply the difference between the two 
radii by the same distance of the radiant point, and to this 
product add twice the product of the radii for a divisor. Divide 
the above dividend by this divisor, and the quotient will be the 
fccal distance required. 

The same rule is applicable for converging rays. 

Both the above rules are applicable to concavo-convex 
lenses ; but the focus is a virtual one in front of the lens. 

The truth of the preceding rules and observations is ca- 
pable of being demonstrated mathematically ; but the reader 
who has not studied mathematics may obtain an ocular demon- 
stration of them, by projecting the rays and lenses in large 
diagrams, and determining the course of the rays after refrac- 
tion by the methods already described. We would recommend 
to him also to submit the rules and observations to the test of 
direct experiment with the lenses themselves. 



CHAP. V. 

ON THE FORMATION OF IMAGES BT LENSES, AND ON THEIR 

MAGNIFYING POWER.* 

(51.) We have already described, in Chapter II., the prin- 
ciple of the formation of images by small apertures, and by 
the convergency of rays to foci by reflexion from mirrorsL 
Images are formed, by refraction, l^ lenses in the very same 
manner as they are f()rmed, by reflexion, in mirrors; and it is 
a universal rule, that when an image is formed hy a convex 
lens, it is inverted in position relatively to tlie position of tlic 
object, and its magnitude is to that of the object as its distance 
from the lens is to the distance of the object from the lens. 

If M N is an object placed before a convex lens, L Ijyfig' 
34., every point of it will send forth rays in every direction. 
Those rays which fall upon the lens L L will be refhicted to 
foci behind the lens, and at such distances from it as may be 
determined by the Rules in the last chapter. Since the Jrocus 
where any point of the object is represented in its ima^e is in 
the straight line drawn from that point of the object uirough 
the middle point C of the lens, the upper end M of the object 
will be represented somewhere in the line M C m, and the 
lower end N somewhere in the line N C n, that is, at the 

?ee, ill the College edition, Appendix of Am. cd. chap. iv. 
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«, n, where tlic rays Lm, Lm,Ln,Lfi cross tlic lines 
%NCn, Hence tn will represent the upper, and 7t tiic 
end of the object M N. It is also evident, that in tiic 

Fig. 3i. 




angles M C N, ?n C n, m n, the length of the image 
3 to M N the length of tJie object as C m, the distance 
image, is to C M, the distance of the object from tlic 

are enabled, therefore, by a lens, to form an image of 
ct at any distance behind tlie lens we please, greater 
\ principal focus, and to make tliis image as ]argc as 
ase, and in any proportion to the object In or<fcr to 
e image large, we must bring tlie object near tlio lens, 
]irder to have it small, we must remove tlie object from 
i ; and these effects we can vary still tartiier, by using 
if difierent focal lengths or distances. 
n the lenses have the same focus, we may increase tlie 
esB of the image by increasing tiie size of the lens or 
a of its surface, if a lens lias an area of 12 s(juare 
it will obviously intercept twice as many rays proceeil- 
a every point of the object as if its area were only G 
inches; so that, when it is out of our power to in- 
he brightness of the object by ilkiininathig it, we may 
increase the brightness of tlie image by using a larger 

Hitherto we have supposed the unage mn to be re- 
ipon white paper, or stucco, or some smootli and white 
on which a picture of it is distinctly formed ; but if 
dve it upon ground glass, or transparent paper, or uj)on 
of glass one of whose sides is covered with a dried 
skimmed milk, and if we place our eye 6 or 8 inches 
behind this semi-transparent ground interposed at m n, 
11 see the inverted image m n as distinctly as before. 
cecp the eye in this position, and remove the semi- 
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transparent ground, we shall see an image in the air distinctly 
and more bright than before. The cause of this will be readily 
understood, S we consider that aU the rays which form by 
their convergence the points m,nof the image m n, cross one 
another at m, n, and diverge from these points exactly in the 
same manner as tliey would do from a real object of the same 
size and brightness placed in m n. The image m n therefore 
of any object may be regarded as a new object; and by 
placing another lens behind it, another image of the imace 
m n would be formed, exactly of the same size and in t&e 
same place as it would have been had m n been a real objecb 
But since the new image of mn must be inverted, this new 
image will now be an erect image of the object M N, obtained 
by 3ie aid of two lenses ; so that, by using one or more lensefl) 
we can obtain direct or inverted images of any object at pleft> 
sure. If the object M N is a movable one, and within oof 
reach, it is unnecessary to use two lenses to obtain an erect 
image of it : we have only to turn it upside down, and we 
shall obtain, by means of one lens, an image erect in reality, 
though still inverted in relation to the object 

(53.) In order to explain the power of lenses in magnifying^ 
objects and bringing them near us, or rather in giving mag* 
niiied images of objects, and bringing the images near lu^ 
we must examine the difiercnt circumstances under which 
the same object appears when placed at different distanoes 
from the eye. If an eye placed at E looks at a man a 6, J!g» 
35., placed at a distance, his general outline only will be 



and neither his age, nor his features, nor his dress will be re* 
cognized. When he is brouorht Gradually nearer to us, we di0* 
cover the separate parts of nis dress, till at the distance of a 
few feet we perceive his features; and when brooght still 
nearer, we can count his very eye-lashes, and obs^e the 
minutest lines upon his skin. At the distance E 6 the m&H 
is seen under the angle bEa, and at the distance E B he is 
seen under the greater angle B E A or 6 E A', and his appt^ 
rent magnitudes, a b. A' 6, arc measured in tliose different 
positions by the angles 6 E rt, BEA, or 6 E A'. The appa- 
rent magnitude of the smallest object may, therefore, be equal 
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to the apparent magnitude of the greatest The head of a 
pin, for example, may be brought so near the eye that it will 
appear to cover a whole mountain, or even the whole visible 
surface of the earth, and in this case tlie apparent magnitude 
of the pin^s head is said to be equal to tlie apparent magnitude 
of the mountain, &c. 

Let us now suppose tlie man a 6 to be placed at the dis- 
tance of 100 feet nrom the eye at £, and that we place a cour 
vex glass of 25 feet focal dia-tance, half-way between the ob- 
ject a b and the eye, that is 50 feet from each ; then, as we 
have previously shown, an inverted image of the man will be 
formed 50 feet behind the lens, and of tlie very same size as 
the object, tliat is, six feet high. If this object is looked at 
by the eye, placed 6 or 8 mches behind it, it will be seen ex- 
ceedingly d^tinct, and nearly as well as if the man had been 
broo^ht nearer from the distance of 100 feet to the distance 
of 6 inches, at which we can examine minutely the details 
of his personal appearance. Now, in this case, the man, 
though not actually magnified, has been apparently magni- 
fied, oecause his apparent magnitude is greatly increased, in 
the proportion nearly of 6 inches to 100 feet, or of 200 to 1. 

But \T, instead of a lens of 25 feet focal length, we make 
088 of a lens of a shorter focus, and place it in such a position 
between the eye and the man, that its conjugate foci may ba 
at the distance of 20 and 80 feet from tlie lens, that Ls, tliat 
the man is 20 feet before the lens, and his image 80 feet be- 
hind it, then the size of the image is four times that of the 
object, and the eye placed 6 inches behind this mognitied 
image will see it with the greatest distinctness. Now in 
this case tlie image is magnilicd 4 times directly by the lens, 
and 200 times by being brought 200 times nearer tlie eye ; 
K> that its apparent magnitude will be 800 times as large as - 
before. 

If^ on the other hand, we use a lens of a still smaller focal 

length, and place it in such a position between the eye and 

the man, that its conjugate foci may be at the distance of 75 

and 25 feet from tlie lens, that is, tliat tlic man is 75 feet be- 

fcrc the lens, and his image 25 feet behind it, then the size of 

the image will be only one third of the size of the object ; 

^ but though the image is tlius dhnmished three times in size, 

I vet its apparent magnitude is increased 200 times by bein^ 

* Drought witiiin C inches of the eye, so that it is still imignif^ 

■ fied, or its apparent mugiiitude is increased ^ J", or 07 times, ^ 

\ nearly. 

At distances less than tlie precedhig, where tlic focal 
length of the lens forms u jiH^nsiderable part of the whole dis- 
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tancc, the rule for finding the magnifying power of a lens, 
when the eye views, at the distance of 6 inches, the ima^ 
fbnned by tlie lens, is as follows. From tlie distance between 
tlie image and tlie object in feet, subtract the tbcal distance 
of the lens in feet, and divide tlie rcmauider by tlie same focal 
distance. By tliis quotient divide twice the distance of the 
object in feet, and tlie new quotient will be the magnifying 
power, or the number of times that the apparent magnitude 
of the object is increased. 

When the focal length of the lens is quite inconsiderable, 
compared with the distance of the object, as it is in mast 
cases, the rule becomes this. Divide the focal length of the 
lens by the distance at which the eye looks at the ima^e ; or, 
as the eye will generally look at it at the distance of 6 inches^ 
in order to see it most distinctly, divide the focal length by 6 
inches ; or, what is the same thing, double the focal length in 
feet, and the result will be the magnifying power. 

(.54.) Here, then, we liave the principle of the simplest 
telescope ; which consists of a lens, whose focal length ex- 
ceeds six inches, placed at one end of a tube whose length 
must always be six inches greater tlian the focal length of the 
lens. When the eye is placed at the other end of the tube, 
it will see an inverted image of distant objects, magnified in 
proportion to tlie focal length of the lens. If the lens has a 
IcxjJil length of 10 or 12 feet, the magnifying power will be 
from 20 to 24 times, and the satellites of Jupiter will be dis- 
tinctly seen through tliis single lens telescope. To a veiy 
short-sighted person, whd sees objects distinctly at a distuncB 
of three inches, the magnifying power would be from 40 to4& 

A single concave mirror is, upon the same principle, a r^ 
fleeting telescope^ for it is of no consequence whether the 
image of the object is formed by refraction or reflexioiL In 
this case, however, the image m n. Jig. 14., cannot be looked 
at without standui^ ia the way of fiie object ; but if the re- 
flection is made a little obliquely, or if the mirror is sufficiently 
large, so as not to intercept all the light from the object, it may 
be employed as a telescope. By using his great minor, 4 feet 
in diameter and 40 feet in focal lengtli, in the way now men* 
tioned. Dr. Herschcl discovered one of the satellites of Saturn. 

But there is still another way of increasing the apparent 
magnitude of objects, particularly of those which are within 
)ur reach, which is of great importance in optics. It will be 
'proved, when we come to treat of vision, tlmt a good eye sees 
the visible outluie of an object very distinctly when it is 
placed at a great distance, and tliat, by a particular power in 
the eye, we can accommodate it tu perceive objects at difTcjv 
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ent distances. Hence, in order to obtain distinct vision of 
any object, we have only to cause tlie rays which proceed 
from it to enter the eye in parallel lines, as if the object 
itself was very distant. Now, if we bring an object, or the 
image of an object, very near to the eye, so as to give it great 
apparent magnitude, it becomes indistinct ; but if we can, by 
any contrivance, make tlic rays which proceed from it enter 
the eye nearly parallel, we sliall necessarily see it distinctly. 
But we have already shown tliat when rays diverge from the 
focus of any lens, they will emerge from it parallel. If we, 
therefore, place an object, or an image of one, in the focus of 
a lens held close to the eye, and having a small focal distance, 
the rays will enter the eye parallel, and we shall see the ob- 
ject very distinctly, as it will be magnified in the proportion 
of its present short distance from the eye to tlie distance of 
six inches, at which we see small objects most distinctly. But 
this short distance is equal to the focal length of the lens, so 
that the magnifying power produced by the lens will be equal 
to six inches dividwl by the focal length of the lens. A lens 
thus used to look at or magnify any object is a single micro- 
scope ; and when such a lens is used to magnify the magnifi- 
ed image produced by another lens, the two lenses together 
constitute a compound microscope. 

When such a lens is used to magnify the image produced 
in the single lens telescope from a distant object, the two 
lenses together constitute what is called the astronomical re- ' 
jracting telescope; and when it is used to magnify the 
misge produced by a concave mirror from a distant object, the 
two constitute a reflecting telescope, such as that used by Le 
Mairc and Herschel : and when it is used to magnify an en- 
larged image, M N, fig, 14., produced fh)m an object m n, 
placed before a concave mirror, the two constitute a reflect- 
ing microscope. All these instruments will be more fully 
described in a future chanter. 
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CHAP. VL 

flFHERICAL ABERRATION OF LENSES AND MIRRORS.* 

(55.) In the preceding chapters we have supposed that the 
rays refracted at splicrical surfaces meet exactly in a focus ; 
but this is by no means strictly true : and if the reader has in 
any one case projected the rays by tlie methods described, he 

* For a ilisciiwiou of thcso subjects, sec (in the college edition) the Ap< 
pendii <ii Am. cd. chap, v, ^ 
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must have seen that the rays nearest the axis of a spherical 
sur&ce, or of a lens, are refracted to a focus more remote 
from the lens than those which are incident at a distance from 
the axis of the lens. The rules which we have given for the 
foci of lenses and surfaces are true for rays very near the axisi 
In order to understand the cause of spherical aberration, let 
L L be a plano-convex lens one of whose sur&ces is spherical, 
and let its plane surface L m L be turned towards parallel 
rays R L, R L.' Let R' L', R' L' be rays very near the axis 
A F of the lens, and let F be their focus after refraction. Let 
R L, R L be parallel rays incident at the very margin of the 
lens, and it will be found by the method of projection that the 
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correspondmg refracted rays L^ L/ will meet at a point/ 
much nearer the lens than F. bi like manner intermediate 
rays between R L and R' U will have their foci intermediate 
between /and F. Continue the rays L/ L/I till they meet 
at G and H a plane passing through F, and perpendicular to FA. 
The distance /F is called the longitudinal spherical aberra- 
tion, and G H the lateral spherical aberration of the lens. In 
a plano-convex lens placed like that in the figure, the longitu- 
dinal spherical aberration /F is no less than 4| times m n the 
thickness of the lens. It is obvious that such a lens cannot form 
a distinct picture of any object in its focus F. If it is exposed 
to the sun, the central part of the lens U m U whose focus is 
at F, will form a pretty bright image of the sun at F ; but as 
the rays of the sun which pass through the outer part L L of 
the lens have their foci at points between /and F, the rays wiU, 
after arriving at those points, pass on to the plane G H, and 
Fiff ^7 occupy a circle whose diameter is G H ; hence 
the unage of the sun in the focus F will be a 
bright disc surrounded and rendered indistinct 
by a broad halo of light growing fainter and 
fainter from F to G and ll. In like manner, 
every object seen through such a lens, and 
every image formed by it, will be rendered 
confused and indistinct by spherical aberration. 
These results may be illustrated experimentally by taking 
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m ring of black paper, and covering up the outer parts of the 
fcce L L of the lens. This will diminish the halo G H, and 
the indistinctness of the imago, and if we cover up all the 
lens excepting a small part in the centre, the image wUI be- 
come perfectly distinct, though less bright than before, and the 
ibcus will be at P. If, on the contrary, we cover up all the 
CQitral part, and leave only a narrow ring at the circumfe- 
rence of the lens, we shall have a very distinct image of the 
son formed about/ 

(56.) If tlie reader will draw a very large diagram of a 
plaiio-convex and of a double convex lens, and determine the 
refracted rays at different distances from the axis where par- 
allel rays fliU on each of the surfaces of the lens, he will be 
able to verify the following results for glass lenses. 

1. In a plano-canvex lens, with its plane side turned to par- 
allel rays as in^^. 36., that is, turned to distant objects if it ia 
to form an image behind it, or turned to the eye if it is to be 
used in magnifying a near object, tlie spherical aberration will a j 
be 4J times the thickness, or 4J- times m n. 

2. In a planoconvex lens, with its convex side turned to- 
wards parallel rays, the aberration is only l^ths of its thick- , 
ness. In using a plano-convex lens, therefore, it should always ■ ' 
be 80 placed that parallel rays either enter the convex surface 

or emerge from it. 

3. In a double convex lens with equal convexities, the aber- i ^ ^. 
iBtbn is l|4/l^s 0^ ^^ thickness. * j 

4. In a double convex lens having its radii as 2 to 5, the 
aberration will be the same as in a plano-convex lens in Rule 

1, if the side whose radius is 5 is turned towards parallel rays ; ^ ■ 
and the same as the plano-convex lens in Rule 2, if the side 
niioae radius is 2 is turned to parallel rays. 

5. The lens which has the least spherical aberration is a 
double convex one, whose radii are as 1 to 6. When the face 
whose radius is 1 is turned towards parallel rays, the aberra- 
tion is only ly J^ths of its thickness ; but when the side with 
the radius 6 is turned towards parallel rays, the aberration is 
9]^Ath8 of its thickness. 

TTiese results are equally true of plano-concave and double 
eoocave lenses. 

If we suppose the lens of least spherical aberration to have 
ilB aberration equal to 1, the aberrations of tiie other lenses 
will be as follows : — 

Best form, as in Rule 5 1-000 

Doable convex or concave, with equal curvatures . 1*561 

Plano-oonvcx or concave in Iwst position, as in Rule 2. 1*093 

Plano-convex or concave in worst jiosition, as in Rule 1. 4*206 

K2 
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(57.) As the central parts of the lens L Ihfig- 36., refiract 
the rajTS too little, and the marginal parts too much, it is evi- 
dent that if we could increase the convexity at n and diminirii 
it ffradually towards L, we should remove the spherical abep* 
ration. But the ellipse and the h3rperbola are curves of this 
kind, in which the curvature diminishes from n to L; and 
mathematicians have shown how spherical aberration may be 
entirely removed, by lenses whose sections are ellipses or hy- 
perbolas. This cunous discovery we owe to Descartes. 




If A L D L, for example, is an ellipse whose greater axis 
A D is to the distance between its foci F,/as the index of re- 
fraction is to unily, then parallel rays R L, R L incident upon 
the elliptical surrax;e L A L will be refracted by the single 
action of that surface into lines, which would meet exactly in 
the focus F, if there were no second surface intervening be- 
tween L A L and F. But as every useful lens must have two 
surfaces, we have only to describe a circle L a L round F as a 
centre, for the second surface of the lens L L. As all the rajrs 
refracted at tlie surfece L A L converge accurately to F, and 
as the circular surface L a L is perpendicular to every one of 
the refracted rays, all these rays will go on to F without suf- 
fering any refraction at the circular surface. Hence it follows 
that a meniscus whose convex surface is part of an ellipsoid, 
and whose concave surfece is part of any spherical surface 
whose centre is in the farther focus, will have no spherical 
aberration, and will refract parallel rays incident on its convex 
sur&ce to the farther focus. 

In like manner a concavo-convex lens, L L, whoso concave 

I 

Fig. 39. 
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sarfiice L A L is part of the ellipsoid A L D L, and whose 
convex sur&ce Z a / is a circle described round the farther 
ibcos of the ellipse, will cause parallel rays R L, R L to di- 
vei^ in directions L r, L r, which when continued back\<^urds 
will meet exactly in the focus F, which wiHl be its virtual 

If a plano-convex lens has its convex sui&ce, L A L, part 

Fig. 40. 




of a hyperboloid formed by the revolution of a hyperbola whose 
gresLter axis is to the distance between the £x>i as nnily is to 
the iiudex of refraction ; then parallel rays, R L, R L, railing 
perpendicularly on the plane surface will be refracted without 
aberration to the farther focus of the hyperboloid. The same 
property belongs to a plano-concave lens, having a similar 
hyperbolic surfiice, and receiving parallel rays on its plane 
surface. 

A meniscus with spherical surfaces has the ipraperty of re- 
fracting alLconvcrging rays to its focus, if its first surface is 

Ftg.il. 




>-£ 



convex, provided the distance of the pomt of convergence or 
Mergence from the centre of the first surface is to the radius 
tf tl^ first sur&cc as the index of refraction is to unity. 



• 
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Thus, if M L L N is a meniscus, and R L, R L rays converg- j 
ing to the point E, whose distance E C from the centre of the \ 
first surface L A L of the meniscus is to tlie radius C A or - 
C L as the index of refraction is to unity, that is as 1-500 to 1, 
in glass ; then if F is the focus of the first surface, describe 
with any radius less than F A a circle M a N for the second 
surface of the lens. Now it will be found by projection that 
the rays R L, R L, whether near the axis A E or remote from 
it, will be refracted accurately to the focus F, and as all these i 
rays fall perpendicularly on the second surface M, they will * 
still pass on without refraction to the focus F. In like manner j 
it is obvious that rays F L, F L diverging from F will be ro- j 
fracted into R L, R L, which diverge accurately from the vir- i 
tual focus. 

When these properties of the ellipse and hyperbola, and of 
the solids generated by their revolution, were first discovered, . 
philosophers exerted all their ingenuity in grinding and polish- 
mg lenses with elliptical and hyperbolical surfaces, and various [ 
ingenious mechanical contrivances were proixjsed for this pur- 
pose. These, however, have not succeeded, and the practical 
difficulties which yet require to be overcome are so great, tliat 
lenses with spherical surfaces arc the only ones now in use 
for optical instruments. 

But though we cannot remove or diminish the spherical 
aberration of single lenses beyond lyj^ths of their thickness^ 
yet by combining two or more lenses, and making opposite 
aberrations correct each otlier, we can remedy this defect to a 
very considerable extent in some cases, and in other cases re- 
move it altogctJier. 

(58.) Mr. lierschel has shown, that if two plano-convex 
lenses A B, C D, whose focal lengths arc as 2*3 to 1, are placed 
with their convex sides together, A B the least convex being 
next tlie eye when the combination is to be used as a micro- 
scope, the aberration will be only 0-248, or one fourtli of that 

of a single lens in its best form. 
Wlicn this lens is used to form an 
image, A B must be turfied to the 
object If tlie focal lengths of the 
two lenses are equal, the spherical 
aberration will be O-fKK^, or a little 
more tlian one-half of a single lens 
in its best form. 

Mr. Herschel hns also shown that 
tlio splicrical aberration may be 
wholly removed by combining a 
menisctis C D with a double convex lens A B, as mfiffs,^ 
and 44., tlie lens A B being turned to the oyc when it is used 
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for a microscope, and to the object wheb it is to be used for 
foroHiig imaged or as a burning-glass. 

-R^.43. Fig. 44. 





The following are the radii of curvature for these lenses, 
as computed by Mr. Herschel ; the first supposes, as a condi- 
tion, tluLt the focal length of the compound lens shall be as 
netr lOOOO as is consistent with correcting the aberration ; 
and the second, that the same focal length shall be the least 
poBsible: — 

- - Fig. 43. Fig. 44. 

Focal lengfth of the double convex ) , i a aaa i in.AAA 
lensAB ^ + 10000 + 10-000 

Radius of its first or outer surface + 5-833 -f 5-833 

Radius of its second surface . . — 35-000 — 85-000 

Focal length of the meniscus C D + 17-829 + 5-497 

Radius of its first surface . . . + 3-688 + 2-054 

Radius of its second surface . . -j- 6*291 -j- 8-128 

Focal length of the compound lens 4- 6-407 -f- 3*474 

•^^^ Spherical Aberration of Mirrors, 

(50.) We have already stated, that when parallel rays, A M, 
A N, are incident on a spherical mirror, M N, they are re- 
fiactcd to the same focus, F, only when they are incident very 
near the axis, AD. If F is the focus of those very near the 

jF^. 45. 




axis, such as A m, then the focus of those more remote, such 
M A M, will be at / between F and D, and/F will be the 
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longitudinal spherical aberration, which will obviously increfise 
wi& the diameter of the mirror when its curvaturp remains 
the same, and with tlie curvature when its diameter is con- 
stant The images, therefore, formed by mirrors will be in- 
distinct, like those formed by spherical lenses, and the indis- 
tinctness will arise from the same cause. 

It is manifest that if M N were a curve of such a nature 
that a line, A M, parallel to its axis, A D, and another line, 
/M drawn from M to a fixed point, f, should always form 
equal angles with a line, C JVI, perpendicular to the cun-e 
M N, we should in this case have a surface which would re- 
flect parallel rays exactly to a focus f, and form perfectly dis- 
tinct images of objects. Such a curve is the parabola ; and, 
therefore, if we could construct mirrors of such a form that 
their section M N is a parabola, they would have the invalua- 
ble property of reflecting parallel rays to a single focus. 
When the curvature of the mirror is very small, opticians 
have devised methods of communicating to it a parabolic 
figure ; but when the curvature is great, it has not yet been 
found practicable to give them this figure. 

In the same manner it may be shown, that when diverging 
rays fall upon a concave mirror of a spherical form, they will 
be reflected to different points of the axis ; and that if a sur- 
face could be formed so that the incident and reflected rays 
should form equal angles with a line perpendicular to the sur- 
fiuje at the point of incidence, the reflected rays would all 
meet in a single point as their focus. A surface whose sec- 
tion ia an ellipse has this property T and it may be proved 
that ra3rs divergmg from one focus of an ellipse will be re- 
flected accurately to the other locus. Hence in reflecting 
microscoi)es the mirror should be a portion of an ellipsoid; 
the axis of the mirror being the axis of the ellipsoid, and the 
object being placed in the focus nearest the mirror. 

On Caustic Curves formed by Rrflexion and Refraction,* 

(60.) Caustics formed hy refeocion. — ^As the rays incident 
on different points of a reflecting surface at difibrent distances 
from its axis are reflected to dillorcut foci in that axis, it is 
evident that the rays thus reflected must cross one another at 
particular points, and wherever the rays cross tliey will illu- 
mmate the white ground on which they are received with 
twice as much light as falls on otlier jMirts of tlic ground. 
These luminous intersections form curve linos, called caustic 
lines or caustic curves ; and tlieir nature and form will, of 

* Soc (in tbe College edition) the Apiicudix of Am. cd. chap. v. 
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naotae, vaiy with the aperture of the mirror, nnd the (Ustonce 
of the ndioDt poinL 

In (nder to explain their mode of fbrmatioa and general 
properties, let M B N be a concave spherical mirrer, fig. 46., 
wlioee centre is C, imii whose focus tor parallel and central 




rays is F, Let R M B be a divcrg-ing beam of ligbt felling- 
on the upper part, M B, of tho mirror at the points 1, 2, 3, 4, 
&«;. If we draw lines pcq>endiculiir to all these points fh>m 
the centre C, and make the angles of reflexion equal to the 
imgka of incidence, we shall obtain tlio directions and foci of 
all the ruHected rays. The ray Rl, near tlic axis RB, will 
hive its conjugate locus at /, between F and the centre C, 
The next ray, li 2, will cut the axis nearer F, ami so on with 
■11 the rest, tlie foci advancing froaiftoJi. By drawing all 
Uic reflected mys to these foci, they will be found to intersect 
one another as m the figure, and to Ibrm by their intersections 
the caiatic curve ilif. If tlie light had also been incident 
an the I<iwer part of the mirror, a similar caustic shown by a 
doited line would also Iiave been funned between N and yl 
If we suppose, tliercfure, Uic point of incidence to move from 
BI to B, tlie conjugate focua of any two conti^ruous rays, or 
an intinitely slender pencil diverging from R, wdl move along 
llic cauBtic from M to / 

suppose the eonvei surface M B N of the mir- 



by ilrewiiig tlie incident and reflected rays, tliat they will di- 
vert^ aftur reflexion; and tliut wlieii continued backwards 
tliuy will iutonoct one auuthur, aud fioui <ui iiuuginury vaustic 
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utuated behind the convex suifkce, and similar to the real 
caustic. 

If we Buppose the convex mirror M B N to he completed 
iDund Uie BBine centre, C, aa ot M A N, and tliu pencil at 
rays atill lo nuiiBte from R, tlicy will fonn the imagimiy 
caustic M/N Einallcr thaa M/N, and uniting with it at 
the pointa M, N. 

Let the radiant point K he now supposed to recede from 
the mirror M B N, the line B/, which is called tlio tangad 
of the real caustic M/N, will ohviout^ diminish, bccauae 
the conjugate focus / will approach to F; aud, fur the same 
reason, the tangent A /' of the ima^nar; caustic will ill' 
crease. When R becomes infinitely distant, and t)ie incident 
rays parallel, the pobts //', called the cusjn of tlie caustic, 
will both coincide with F and F', the principal foci, and will 
have the very Eome siie and fiirni. 

But if the radiant point R approaches to the mirror, the 
cusp / of the real caustic will nj^rcach to the centra C, and 
the tangent B / will mcrease, the cusp /' of the ima^inarj 
caustic will approach A, and its tangent A/', will dimiiiiih: 
and when the radiant point arrives at tlie circumference at A 
the cusp f" will also arrive at A, and tlie imaginary caustk 
will difBppear, At the eanie time, tlic cusp / rf the reai 
caustic will be a little to tlie right of C, and its two oppouti 
siunniits will meet in the radiant point ut A. 

If we suppose the radiant point R now to enter williin tlu 
circle A MBN.w diown in^>-. 47., so that RC irilctB thu 




will be formed. Tlii; 
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afthr, having their common cusp at r, and of two htifr 

^Xf^Bf^ ofj bf, which meet in a f(x;im at / When K <J m 

ciester than R A, the curved branches that meet iit f bciiiiid 

mmaor will divcr^, and have a virtual Wicus within tlie 

nmror. When R coincides with F, a i>jint halt-way betwiM.>n 

A and C, and the virtual principal tucus of the convex mirror 

MAN, these curved branches become parallel lines; and 

viien R coincides with the centre C, tlie caustics diijupi)enr, 

and all the light is condensed into a single mathematical Ix^int 

at C, fiom which it again diverges, vSd is again rcllectcd to 

the same point 

In virtue of the principle on which these phenomena de- 
pend, a spherical muror has, under certain circumstancoi<, the 
paradoxic property of rendering rays diverging from a fixed 
point either parallel, diverging, or converging ; that is, if the 
*" ndiant point is a little way witliin the principal focus of u 
minor, so that rays very near the axis are relicctcd into par- 
allel Imea, the rays which ore incident still nearer tlie axis 
will be rendered diverging, and tliose incident ftirthcr fnun 
the axis will be rendered converging. This property mny be 
distinctly exhibited by the projection of tlie rctloctod niys. 

Caustic curves are frequently seen in a very di>:tinct and 

beautiful manner at tlie bottom of cylindrical ves^rls of china 

or earthenware tliat happen to be exposed to tlie light of the 

son or of a candle. In Uiese cases tlic rays generally fall too 

' obliquely cm their cylindrical surface, owing to tlieir do|)tli ; 

* but this depth may be removed, and the caustic curvi^s biniu- 

' tifolly displayed, by inserting a circidar piece of card or 

b iriiite paper about an inch or so beneatli tlieir upper edge, or 

' by fiUmo* them to that height witli milk or any white uiid 

' opsqae^miid. 

The following method, however, of ex- 
hibiting caustic curves I have found ex- 
ceedingly convenient and instructive. Take 
a piece of steel spring highly pt)lislicd, such 
as a watch-spring, M N, Jiff. 48., and hav- 
ing bent it into a concave ibrm as in tlic 
figure, place it vertically on its edgfc upon 
a piece of card or white paper A fi. Let 
it then be exposed either to the rays of 
the sun, or those of any other luminous 
body, taking care tliat the plane of tlie 
cord or the paper passes nearly tlirough 
the sun ; and the two C9.ustic curves sliown 
in the figure will be finely displayed. By 
varying the size of the spring, and bending 
F 
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it into curves of different shapes, all the variety of caustic* 
with their cusps and points of contrary flexure, will be finel 
exhibited. The steel may be bent accurately into differen 
curves by applying a portion of its breadth to the requirec 
curves drawn upon a piece of wood, and either cut or bume( 
sufficiently deep in the wood to allow the edge of the thii 
strip of metal to be inserted in it Grold or silver foil answen 
very well ; and when the light is strong, A thin strip of micf 
will also answer the purpose. The best substance of all 
however, is a thiu strip of polished silver. 

(61.) Caustics formed by refraction. If we expoee 8 
globe of glass filled with water, or a solid spherical lens, oi 
even the belly of a round decanter, filled with water, to the 
rays of the sun, or to the light of a lamp or candle, and re- 
ceive the refracted light on white paper held almost parallel 
to the axis of the sphere, or so that its plane passes nearly 
through the luminous body, we shall perceive on the paper a 
luminous figure bounded by two bright caustics, like af and 
b fy fig. 47., but placed behind the sphere, and forming a 
sharp cusp or angle at the point f which is the focus of re- 
fracted rays. The production of these curves depends upon 
the intersection of rays, which, being incident on the sphere 
at difierent distances from the axis, are refracted to foci at dif- 
ferent points of the axis, and tlierefore cross one another. 
This result is so easily understood, and may be exhibited so 
clearly, by projecting tlie refracted rays, that it is unneces- 
sary to say any more on the subject 

Some of the phenomena of caustics produced by refraction 
may be illustrated experimentally in the following manner : — 
Tate a shallow cylindrical vessel of lead, M N, two or three 
inches in diameter, and cut its upper margin, as shown in the 
figure, leaving two opposite projections, ac, bd, forming each 
about 10° or 15° of the whole circumference. Complete the 
circumference by cementing on the vessel two strips of mica, 
j^,. 4Q so as to substitute for the lead that has 

been removed two transparent cylin- 
^ ^ drical surfaces. If this vessel is filled 

with water, or any other transparent 
fluid, and a piece of card or white 
paper, A B C D, is held almost psural- 
lel to the surface of the water, and 
having its plane nearly passing 
through tlie sun or the candle, the caustics A F, D F will be 
finely displayed. By altering the curvature of the vessel, 
and that of the strips of mica, many interesting variations of 
the experiment luay be made. 
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PHYSICAL OPTICS. 

(62.) Phtbical Optics is that branch of the science ^diich 
treats of the phjrsicaJ properties of light These properties 
are exhibited in the decomposition and recomposition of white 
light ; in its decomposition by absorption ; in the inflexion or 
difiiaction of light ; in tlie colors of thick and thin plates; and 
ia the double refraction and polarization of light 



CHAP. vn. 

ON TBE COLORS OF LIGHT, AND ITS DEGOHPOSITION. 

(CS.) In the preceding chapters we have regarded Lght as 
a simple substance, all £e parts of which had the same index 
of renracticm, and therefore suffered the same changes when 
acted upon by transparent media. This, however, is not its 
constitution. White light, as emitted from the sun or from 
any luminous body, is composed of seven different kinds of 
light, viz., red, orange, yellow, green, blue, indigo, and violet; 
and this compound substance may be decomposed, or analyzed, 
or separated into its elementary parts, by two different pro- 
cesses, viz., by refraction and absorption. 

The first df these processes was that which was employed 
by Sir Isaac Newton, who discovered the composition of white 
light Having admitted a beam of the sun*s li^t, S H, 
through a small hole, H, m the window-shutter, E F, of a 
darkened room, it will go on in a straight line and form a 
round white spot at P. If we now interpose a prism, BAG, 
whose refiractmg angle is B A C, so that this beam of light 
may fall on its first surface CA, and emerge at the same 
angle from its second surface B A in the direction g G, and if 
we receive the refracted beam on the opposite wall, or rather 
on a white screen, M N, we should expect, from the principles 
already laid down, that the white beam which previously fell 
upon r would suffer only a change in its direction, and fell 
somewhere upon M N, forming there a round white spot ex- 
actly similar to tliat at P. But this is not the case. Instead 
of a white spot, there will be formed upon the screen M N an 
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beam of light diverging from its emei^nce oat of tbepria 
atg", and beiog bounded by tlie lines ^ £,^1. Thialoi^d 
ened image of the son is calleil the golar spectrum, or U 
primmtic spectrum. If the aperture H ia email, and llie a 
tance g G coHEidemble, the colon of tlio Bpectrum will be m 
brigbt The lowest portion of it at L is a brilliant red TO 
red ehadea off by imperceptible gradafiona into onmge, a 
orange tula yeUovi, the yellom mXogrpai, the green into &M 
the Hue into a pure imtign, and the mdigo into a violet, a 
lines are seen across llie spcclrum thus produced; and itl 
extremely difficult for the aharpcst eye to point out the botoj 
ary of the different colors. Sir baao Nowton, howeverT] 
many trials, found the lengths of the colors to be as fi^loll 
in tlie kind of glass of which his priran was made. We hM 
added the reBufis obtained by Fraunhofer with flint glaan ^ 
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J* nHoolon aie not equally brilliant. At tho lower cii.I, F^ 
rf'fte flpectam the red is compurativoly thinf, but irmwd 
brffliter as it apporoochcs tho orange. Tlic li«rlit incnvi^^:! 
~'^ "f to the middle of the yellow simcc, where it is 
£; and finxn this it gradually declincR to tlic upper or 
end, K, cf the spectrum, whore it la extremely hunt. 
(61) Fram the phenomena which wc have now dceicribod, 
Srbue Newton concluded tliat the beam of white litrlit, S, 
■flompounded of light of seven ditferent colors, and that fur 
avhcr these difK^rent kinds of light, the gIa^«^ of which his 
jrini was made, had ditlcrent indices of refraction ; tlie index 
?« refractian ibr thorei^ light being the least, and tJiat of the 
mfee the greatest 

If the prism is made of crown f^lass, for example, the in- 
dices of refraction for the difibrcnt colored rays will be as fol- 
lows :— 
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Blue 1-»3G0 

Indigo ISAM 

Violet 1-51G6 



Red 1-5258 

Orange l*52Gd 

Yeliow 1-5296 

Groea 1*5330 

If we now draw the prism, B A C, on a great scale, and dc- 
tomine the progress of the refracted rays, supposed to 1k3 in- 
cident upon the same point of the first surface C A, l)y using 
fcr each ray the index of refraction in the preceding table, we 
sball find them to diverge as in the preceding figure, and to 
finn the diflercnt colon in tlie order of those m the spectrum. 

In order to examine each color separately. Sir Isaac made 
a hole in the screen M N, opposite tlic centre of each colored 
Bpice; and he allowed that particular color to fidl upon a 
second prism, placed behind the hole. This li^ht, when re- 
fracted oy the second prism, was not drawn out mto an oblong 
image as before, and was not refracted into any other colors. 
Hence he concluded that the light of each different color ha<l 
the same index of refraction ; and he called such light homo- 
geneous^ or simple, white light being regarded as lirtcroge- 
neoua or compound. This important doctrine is called the 
iifferent rejrangibiUiy of the rays of light. The diflbrent 
ccttons as existing in the spectrum are called primary colors ; 
and any miztmres or combinations of any of tnem are called 
secondary colony because we can easily separate tliem into 
their primary colors by refraction through tlie prism. 

(65^) Having thus clearly established the composition of 
wuto light. Sir Isaac also proved, experimentally, Uiat all the 
seven odors, when agam combined and made to M\ upon the 

F2 
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same spot, formed or recomposed white light This important 
truth he established by various experiments ; but the following 
method of proving it is so satisfactory, that no farther evidence 
seems to be wanted. Let the screen M Nyjig, 50., which re- 
ceives the spectrum, be gradually brought nearer the prism 
B A C, the spectrum K L will gradually diminish ; but though 
the colors begin to mix, and encroach upon one another, yet, 
even when it is brought close to the face B A of the prism, we 
shall recognize the separation of the light into its component 
colors. If we now take a prism, B a A, shown by dotted lines, 
made of the same kind of glass as B A C, and having its re- 
fracting angle A B a exacQy equal to the refracting angle 
B A C of the other prism ; and if we place it in the opposite 
direction, we shall find that all the seven differently colored 
rays which fall upon the second prism, A B a, are again com- 
bined into a single beam of white light ^ P, forming a white 
circular spot at P, as if neither of the pnsms had been inter- 
posed. The very same effect will be produced, even if the 
surfaces, A B, of the two prisms are joined by a transparent 
cement of the same refractive power as the glass, so as to re- 
move entirely the refractions at the common surface A R In 
this state the two prisms combined are nothing more than a 
thick piece of glass, B C A a, whose two sides, A C, a B, are 
exactly parallel; and the decomposition of the light by the re- 
fraction of the first surface, A C, is counteracted by me c^po- 
site and equal refraction of the second surface, aB; that is^ 
the light decomposed by the first surface ia recomposed by the 
second sur&ce. The refraction and re-union of the rays in 
this experiment may be well exhibited by placing a thick plate 
of oil of cassia between two parallel plates of ^lass, and 
making a narrow beam of the sun's light fall upon it very ob- 
liquely. The spectrum formed by the action of the first sur- 
fiice will be distinctly visible, and the re-union of the colors 
by the second will be equally distinct We may, therefore, 
consider the action of a plate of parallel glass on the sun^s 
rays, that is, its property of transmitting them cdorleaB^ as a 
sufficient proof of tiie recomposition of light 

The same doctrine may be illustrated experimentally by 
mixing together seven different powders havin^f the same 
colors as mose of the spectrum, taking as much of each as 
seems to be proportional to the rays in each colored space. 
The union of these colors will be a sort of grayish-white, be- 
cause it is impossible to obtain powders of Sie proper color& 
The same result will be obtained, if we take a circle of paper 
and divide it into sectors of the same size as the colored 
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spaces; and when this circle is made to revolve rapidly, the 
dfect of all the colors when combined will be a grayish- white. 

Decomposition oflAght by Absorption, 

(66L) If we measure the quantity of light which is reflected 
from the sur&ces and transmitted tlirough the substance of 
tmnsparent bodies, we shall find that the sum of these quan- 
tities is always less than the quantity of light which falls 
npoD the body. Hence we may conclude that a certain por- 
tion of li^ht is lost in passing tlu-ough the most transparent 
bodie& This loss arises from two causea A part of the light 
is scattered in all directions by irregular reflexion from the 
imperfectly polished surface of particular media, or from the 
imperfect union of its parts ; while another, and generdly a 
greater portion, is absorbed, or stopped by the particles of the 
body. Colored fluids, such as black and red ink, though 
equally homogeneous, stop or absorb diflerent kinds of rays, 
and when exposed to the sun they become heated in diflerent 
degrees; while pure water seems to transmit all the rays 
eaually,* and scarcely receives any heat from the passing light 
of the SOIL 

When we examine more minutely the action of colored 
glasses and colored fluids in absorbing light, many remarkable 
phenomena present themselves, which tinx>w much light upon 
this curious subject 

If we take a piece of blue glass, like that generally used 
ibr finger glasses, and transmit through it a henm of white 
light, Sie light will be a fine deep blue. This blue is not a 
simple homogeneous color, like the blue or indigo of the ^ec- 
trum, but is a mixture of all the colors of white light which 
the glass has not absorbed ; and the colors which the glass 
has absorbed are those which the blue wants of white light, 
or which, when mixed with this blue, would form white light. 
In Older to determine what these colors are, let us transmit 
through the blue glass the prismatic spectrum K L, Jig. 50. ; 
or, what is the same thing, let the observer place his eye be- 
hind the prism BAG, and look through it at the sun, or 
rather at a circular aperture made in the window-shutter of 
a dark room. He will tlien see through the prism the spec- 
trum K L as far below the aperture as it was above the spot P 
when shown in the screen. Let the blue glass be now inter- 
posed between the eye and the prism, and a remarkable spec- 
trum will be seen, deficient in a certain number of its differ- 
_ .__^ — ■ — ■ — - — — ■ — ■ ■ ■ ■ 1 

* See Note IL, of Am. ed., which follows the author's Appendix. 
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ently colored rays. A particular tliickness absorbs the middle 
of the red space, the whole of the orange, a ^eat part of the 
green, a considerable part of the blue, a little of the indigo^ 
and very little of tlie violet The yellow space, which &a 
not been much absorbed, has increased in breadth. It occu- 
pies part of the space formerly covered by the orange on one 
side, and part of the space formerly covered by the green on 
the other. Hence it follows, that the blue glass has absorbed 
the red light, which, when mixed with the yellow light, con- 
stituted orange, and has al>sorbcd also the blue light, which, 
when mixed with the yellow, constituted the part of the 
green space next to the yellow. We have thereforcj, by ab- 
sorption, decomposed green light into yellow and blue, and 
orange light into yellow and red ; and it consequently foUowa^ 
that the orange and green rays of tlie spectrum, though they 
cannot be decomposed by prismatic refraction, can be decom- 
posed by absorption, and actually consist of two different 
colors possessing the same degree of refrangibility. D\ffeT' 
ence of color is therefore not a test of difference of r^angV' 
bUity, and the conclusion deduced by Newton is no longCT 
admissible as a general tnith : " That to the same degree of 
refrangibility ever belongs the same color, and to the same 
color ever belongs the same degree of refrangibility." 

With the view of obtaining a complete analjrsis of the spec- 
trum, I have examined the spectra produced by various booiee^ 
and the changes which they undergo by absorption when 
viewed through various colored media, and I find that the 
color of every part of the spectrum may be changed not only 
in intensity, but in color, by the action of particular media ; 
and from tliese observations, which it would be out of place 
here to detail, I conclude that the solar spectrum consists of 
three spectra of equal lengths, viz. a red spectrum, a yellow 
spectrum, and a blue spectrum. The primary red spectrum 
has its maximum of intensity about the middle of the red 
space in the solar spectrum, the primary yellow spectrum has 
its maximum in the middle oi the yellow space, and the 
primary blue spectrum has its maximum between the blue 
and the indigo space. The two minima of each of the three 
primary spectra coincide (A the two extremities of the solar 
spectrum. 

From this view of the constitution of the solar spectrum 
we may draw the following conclusions : — 

1. Ri'd, yellow, and bhw light exist at every point of the 
solar 8i)ectrum. 

2, Aasi certaui portion of red, yellow, and blue constitote 
white ligiit, the color of every iwint of the spectrum may be 
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lered as consisting of the prcdominntinflf color nt any 
mixed witli white light In tlie red ppace there is more 
lan is necesstLry to nmke white light with the small nor- 
of yellow and blue which exist there; in the yellow 
there is more yellow than is necessary to make white 
mth the red and blue ; and in the part of the blue spue 
i appears violet there is more red tlion yellow, and 
the excess of red forms a violet with the blue. % 
By absorbing the excess of any color at any point of the 
mn above what is necessary to form white li^ht, we 
ictually cause white light to appear at tliat pomt, and 
vhite light will possess the remarkable property of rc- 
og white after anv number of refractions, and of being 
iposable only by absorption. Such a white light I have 
eded in developing in difierent parts of tlie spectrum. 
i views harmonize in a remarkable manner with tiio 
hesis of three colors, which has been adopted by many 
ophers, and which others had rejected from its incom- 
lity with the phenomena of the spectrum. 
e existence or three primary colors in the spectrum, and 
lode in which they produce by their combination the 
secondary or compound colors which are developed by 
lan, will be understood from Jig. 51. where M N is the 
itic spectrum, consisting of three primary spectra of the 
lengths, M N, viz. a red, a yellow, and a bltu* spectrum. 
ed spectrum has its maximum intensity at R; and this 
ity may be represented by tlie distance of the point R 
a N. The intensity declines rapidly to M and slowly 
It both of which points it vanishes. The fellow spco- 

Fig. 51. 




las its maximum intensity at Y, the intensity declining to 
b M and N ; and the blue has its maximum intensity at 
ilining to nothing at M and N. The general curve 
represents the total illumination at any point will be 
3 of these three curves, and its ordinate at any point 
i equal to the sum of the three ordinates at the same 
Thus the ordinate of the general curve at the jwint Y 
e equal to the ordinate of the yellow curve, which we 
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may Boppoee to be 10, added to that of the red . . 

may be 2, nrul that of the blue, wliioh may be 1. HeRca^ 
generBl ordinate will be 13. Now, if wc suppose that 3 •■ 
of yellow, 2 of red, and 1 of blue make wliite, we duiU 
the cdor at Y equai to 3 + 3 + 1, equal to fi ports of wl 
miiod with 7 porta of yellow ; that is, the compound ti-' 
Y will be a bright yeUotc withoQt any trace of red or 
As theae colors all occupy the Bamo place in the spec) 
they cannot bo sennrittcjl by the prism ; and if we could 
a colored glass which would absorb 7 parts of the ycUow,. 
ehould obtain at the point Y a while light which the "" 
could not decompose.* 



itia,» 



In the preceding observntionB, we have considered the jr 
matic spectrum, K h,fig. 50., as produced by a prism of ^ 
having a given re&acting angle, B AC. The green ray* 
e G, which, being midway between ^K and g' L, is a 
Uie mean fay of the apectrum, haa been refracted ftoffl. 
G, or Ihrougn an angle of deviation, P^ G, which if 
file mean refraction or deviation, produced bj the ; 
we now increase the angle B A C of tlie prjan, w _ 
crease the refraction. The mean ray^G will be r 
to a greater distance Irom P, and the extreme raVB g 
to a greater distance in the aime proportion ; that i . 
is remcted twice as muoli, g L and g K will alao be le 
twice as much, and conseqiieotly the length of the up 
K L will be twice as great. For the same reason, if , 
diminidi the angle B A C of the prism, the n 
and the spectrum will dimmish in the same propnrtioni 
whatever be the angle of the prism, the length KLwiU 
ways bear the eame proportion to G P, the mean refractiM 

Sir Isaac Kewlon supposed that prisma made of all ■ 
stances whatever produced spectra bearing the same prQ| 
tion to the mean rcfractbn as priaros of ghss ; and it n a 
marltable circumstance, tiiat a phllceopher of Guch HWU 
should have overlooked a &ct so palpable, as tiat don 
bodies produced spectra whose lengths were diileren^ n" 
the mean refraction was the same. 

Tho prisoi BAG Ijcing supposed to he made tStt 
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toll kt US take another of flint fflass or white crystal, with 
ach a refractin^jr angle that, when placed in tJie position 
' A (J the liglit enters and quits it at ccpuil angles, and re- 
acts the mean ray to the same point (j. The two firisniM 
^Mherefore, to liave tlie same mean retraction. I5iit when 
eeiaminethe s^iectrum pnxiiiced by tlio llint glaisj prism, 
iM find that it extends beyond K and L, and is evidently 
iger than tlie Bpectruni produced by tlie crown glass prism. 
^ocefliat pUiss is said to Iiave a greater dispersive jiower 
n crown glass, because at the same angle ot mean rofmc- 
I it separates tlie extreme niys of the spectrum, g Ihff Kf 
faer from the mean ray ff G. 

1 onler to explain more clearly what is the real mcajsnrc 
le dispersive power of a Ixxly, let us Kupix)sc tliat in liio 
m frlass prism, B A C, the; index of retraction tor the cx- 
e violet ray, ^'^K, is l-54<Hj, and that tor the extreme retl 
g L, 1-525S ; tlien the dillerence of tlnise indices, or 
ij, would be a measure of thfj dispersive power of crown 
, if it and all other Ixxliet^ iuul the siune mean rofniction: 
s this is far from being tlie case, the dis)M'rsivo jmwor 
be measured by tlie relation between -O^OH und tho 
refraction, or 1'53:)(), or to the excess of this aliuvo 
, viz., '5330, to which the mean refraction is always pro- 
nol. For the purpose of making this cloarer, let it Ikj 
red to compare tlie dispersive iX)W».'rs of dininand and 
i glass. The index of refniction of dinniond f .r the ex- 
! violet ray is 2-407, an<l for the extreino r«'', •^■■111, and 
ffbrence of these is -O-VK), nearly thrvc tiincR ms great as 
, the same dillbrencc for crown ght^:s; but then tlie dif- 
:e between the sines of uicidenco and rcfnictiun, c»r tiio 
3 of the index of refraction (dxive unity, r)r TL'^!), is also 
three times as great as the saiii(3 diflerence in cn)wn 
viz., '5!330; and, consequently, the di-siiersive power of 
nd is very little greater than that of crown glass. The 
ispersive powers are as follows : — 

Crown Glass . . . iSfSS = (HKJ-^O 
Diamond .... ;".i'SJ = 0():38S 

is similarity of dispersive power might Ik; proved experi- 
illy, by taking a prism of diamond, which, when placed 
LC in^/«-.50., produced the same mean refraction as tlie 
ray g G. It would th(jn be seen that the siMjctnim 
I it produced was ol* the same length u*s that produced 
e prism of crown glass. Hence tho spliMidid colors 
I djstiiiguiah diamond from every other preciou-s stuuu 
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ita high dispersive power, but to its gi 

ction given in our labia of refract 
arly Euilcd to the mean lay of the e 

e may, by the second, column of (he Table of the II 
Powers of Bodies, jjiven in tlie Appendix, No. T., obtain 
approximate indices of rerractioa for the extreme red and 
extreme yidet laya, by liddutg' half of tlie number in thi 
umn to the mean index of re&action for the mdex of n 
tlon of the violet, and subtracting half of the same nu 
for the idiiex of the red ray. The raeasm'ea in the laWe i 
given for the ordinary light of day. When the sun's IlgNE 
used, and when the eye ia screened from the middle ,J!^ 
the spectrum, the red and violet may be traced t^^m 
greater distance from the mean ray of the spectrum, f^ 

When the index of refraction Kir tlie extreme ny is 1 
known, we may determine the position and length of 
spectra produced by prisms of different substaaces, wliatei 
te their refracting angle, whatever bo the positioas of ' 
prism, and whatever be the distance of the screen on v/b 
the spectrnm ia received. ^ 

If we lake a jirisin of crown glafS, and another of I 
glass, with such reftncting angles that tiiey pruduce a W 
trum of precisely the some lengtli, it will be lotmil, tiiatWI 
tlie two ptiems are placed together with their relracling tOig 
in oppodte directions, they wdl not restore the Teftttcled. va_ 
to the state of white li^t, as happens in the combinatmi 
two etjua! prisma of crowa or two equal prisms of flint | ' 
The white light P,J^.50l, will be tinged on one aido 
purple, and on tlie other with green light This is callei 
aeeandary tpectram, and the colors seconi!ary colon ; a 
is manifest that they must arise fram the colored spaces t 
gpectrura of crown glass not being equal to those in the 
lium of flint glass. 

In order to render this curious property of the 
very obvious !o the eye, let two spectra of equal length 
formed by two hollow prisma, one containing oil of of 
and the other sulpkuric acid. The oil of cBssin spectnun .. 
resemble A B,fig. 52., and the sulphuric acid spectrum C 
In the former, tlie red, orange, and yeUow spaces are ' 
in the latter, while the blue, indigo, and violet s{ 
greater ; the Imat refrangible rays beb", as it were, vw 
eil in the former and expanded in the latter, while file 
re&Bngible rays are expandej in the one and contracted ' 
Other. In canseiiuence of Ihia difference in llie colored a 
the middle or mean ray m it doeo not pass through the 
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kriilnlfi Bpoctm. In Die oil of rrmsiii niiticlriiTii it ih in 
jUetipace, imd iti thu sulpkuric acid I'licctruiii it iti iji tlio 




) «p«ce. Afl the colored ejmccs have not tho mmc istlo 
3 uiother u the lengths oi tlic .apcctin wbicli tlir-y r.mn- 
this piopertr has been callcil the irmlimuililtf of tfinper- 
u* of tbe cdored spacM in tlie spectrutn. 
order to osoertBin wlicttior any prism rontnicta or ox- 
tbe leut refWgiblo nye mora tiiaii ciiiutliitr, or wlitch 
:in acts most on greun light, take a prii>ni of each willi 



f the prisni, wc Ehall src its ciI|tos perfectly tree 
»lor, provided the two prisniii act cijunlly upijii rrreen j ight 
' they act di^rently on green li^nt, tlie Inr will liiivo a 
! of purple on one side, nod a t'riiiBIc of ffroi^n on lh"i 
; and the green fringe will olwityx be on tjic kiiih! siiik' 
I bar OS the verten of the pri:<m wjiich coulructH tlii! yvl- 
psce and expaniin the blue and violet ones Tlini i/<t il' 
Tsma are tlint nnd crown gjass, tho urcorreclisl jrrfwi 
•■ wilt be on the lower side ^ttic bar wlii'n tjio vertex ul' 
int glass prism points downwanlii. flint gla^ therelbro, 
leae action upoji green light tiinn crown glna^ and c<in- 
u) a ^citer degree tlio red and yollow eimccs. See 
ridix,No.U. 
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CHAP. IX 
ON THE PRINCIPLE OF AGHROMATIO TELESCOPES. 

In treating of the proffress of lays through lenses, it ' 
taken for granted that l£e light was homogeneous, and \ 
every ray that had the same angle of incidence had also 
same angle o^ re&action ; or, what is the same thing, 1 
every ray which fell upon the lens had the same index of 
fraction. The observations in the two preceding chap 
have, however, proved that this is not true, and that, in 
case of light filing upon crown glass, there are rays \ 
every possible index of refraction from 1*5258, the index 
refraction for the red, to 1*5466, the index of refraction for 
violet rays. As the light of the sun, by which all the lx> 
of nature are rendered visible, is white, this property of lij 
viz. the different refranffibility of its i»rts, affects greatly 
formation of images by lenses of all kind& 

In order to explain this, let L L b^ a convex lens of en 
glass, and R L, K L rays of white light incident upon it i 

Fig. S3. 




allel to its axis R r. As each ray R L of white light cons 
of seven differently colored rays having different degrees 
refrangibility or different indices of refraction, it is evid 
that all the rays which compose R L cannot possibly be 
fracted in the same direction, so as to fall upon one pomt ^ 
extreme red rays, for example, in R L, R L, whose index 
refraction is 1*5258, if traced through the lens by the met 
formerly ffiven, will be found to liave their focus in r, and 
will be the focal length of the lens for red raya In ] 
manner the extreme violet rays, which have a greater in 
of refraction, or 1*5466, will be refracted to a focus v m 
nearer the lens, and C v will be the focal length of the 1 
for violet rays. The distance i; r is called the chromatic al 
ration, and the circle whose diameter is a 6 passing throi 
the focus of the mean refrangible rays at o, is called the cii 
of least aberration. 
These effects may be shown experimentally by exposlDg 
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lens L L to the parallel rays of the sun. If we receive the 
image of the sun on a piece of paper placed between o and C, 
the luminous circle on the paper will have a red border, be- 
cause it is a section of the cone L a 6 L, the exterior rays of 
which L a, L 6 are red; but if the paper is placed at any 
ereater distance than o, tiie luminous circle on the paper will 
Save a vioiet border, because it is a section of the cone I abl\ 
the exterior rays of which al,bl' are violet, being a contin- 
oation of the violet rays L v, L i?. As the spherical aberration 
of the lens is here combined with its chromatic aberration, 
the undisguised effect of the latter will be better seen by 
taking a large convex lens L L, and covering up all the cen- 
tral part, leaving only a small rim round its circumference at 
L L, through which the rays of light may pass. The refrac- 
tion of the differently colored rays will be then finely dis- 
played by viewing the image of the sun on the different sides 
of a 6. 

It is clear from these observations that the lens will form a 
violet image of the sun at v, a red image at r, and images of 
the other colors in the spectrum at intermediate points be- 
tween r and v; so that if we place the eye behind these 
images, we shall see a confused image, possessing none of 
that sharpness and distuictness which it would have had if 
formed only by one kind of rays. 

The same observations are true of the refraction of white 
light by a concave lens ; only in this case the parallel rays 
which such a lens refracts diverge, as if they proceeded from 
separate foci, v and r, in front of the lens. 

If we now place behind L L a concave lens G G of the 
sune glass, and having its surfaces ground to the same cur- 
vature, it is obvious tlmt since v is its virtual focus for violet, 
and r its virtual focus for red rays, if the paper is held at a 6, 
the fbcus of the mean refran^ble rays, wiiere the violet and 
red rays croBs at a and 6, the image will be more distinct than 
in any other position ; and when rays converge to the focus of 
any concave lens, they will be refracted into parallel direc- 
tions; that is, the concave lens will refract these converging 
rays into the parallel lines G /, G /, and tliey will again form 
white light. That tlie red and violet rays will be thus re- 
united in one, viz. G /, may be proved by j)rojecting Ihcni ; but 
it is obvious also from tlie consideration that the two lenses 
L I^ G G actually form a piece of parallel glosf, tlie outer 
concave surface of G G being parallel to tlie outer convex sur- 
face of L L. 

{97,) But though we have tlius corrected tlie color produced 
by L L» by means of the lens G G, we have done tliis by a 
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useless combination ; since the two together act only li 
piece of plane glass, and are incapable of forming an in 
If we make the concave lens G G, however, of a longer 
than L L, the two together will act as a convex lens, and 
form images behind it, as the rays G 2, G Z will now con\ 
to a focus behind L L. But as the chromatic aberration c 
lens G G wlLI now be less than that of L L, the one wil 
correct or compensate the other ; so that the difierencc 
tween the two aberrations will still remain. Hence it u 
possible, by means of two lenses of the same glass, to 
an image which sliall be free from color. 

As Sir Isaac Newton Relieved that all substances wha 
produced the same quantity of color, or had the same 
matic aberration when formed into lenses, he concluded 
it was impossible, by the combination of a concave with a 
vex glass, to produce refraction without color. But we 
already seen that the premises from which this conclusior 
drawn are incorrect, and that bodies have different dispe 
powers, or produce different degrees of color at the same i 
refraction. Hence it follows that different lenses may pre 
the same degree of color when they have different 
lengths ; so that if the lens L L is made of crown glass, v 
index of refraction is 1*519, and dispersive power 0036, 
the lens G G ofjlint glass, whose index of refraction is 1 
and dispersive power 0*0393, and if the focal length o 
convex crown-glass lens is made 4J inches, and that o 
concave flint-glass lens 7| inches, they will form a lens w 
focal length of 10 inches, and will refract white light 
single focus free of color. Such a lens is called an a 
matic lens ; and when used as a telescope, with another 
to magnify the colorless image which it forms of distan 
jects, it constitutes tlie achromatic telescope, one of 
greatest inventions of the last century. Although Ne^ 
reasoning from his imperfect knowledge of the disj)€ 
power of bodies, pronounced such an invention to be hope 
yet, in a short time afler the death of that great philoso 
it was accomplished by a Mr. Hall, and afterwards b) 
Dollond, who brought it to a high degree of perfection. 

The image formed by an achromatic lens thus constri 
would have been perfect if the equal spectra formed b; 
crown and flint glass were in every respect similar : i 
we have seen that the colored spaces in tlie one are not < 
to the colored spaces in the other, a secondary spectn; 
lefl ; and therefore the images of all luminous objects, ^ 
seen through such a lens;, will be bordered on one side v, 
purple fringe, and on the other with a green fringe. II 
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aibrtuices could be found of different refractive and dispersive 
fowen, and capable of producing equal spectra, in which the 
colored spaces were equal, a perfect achromatic lens would be 
pndaced : but, as no such substances have yet been found, 
yUloBophers have endeavored to remove the imperfection by 
ether means; and Doctor Blair had the merit of surmounting 
the difficulty. He found that muriatic acid had the property 
of pioduciqg a primary spectrum, in which tlie ^een rays 
were among the most refraiigible, sometliing like C D, Jig, 52., 
M in crown glass. But as muriatic acid has too low a refrac- 
tive and dispersive power to fit it for being used as a concave 
t knfl along with a convex one of crown glass, he therefore 
I conceived the idea of increasing the refractive and dispersive 
^ powers of the muriatic acid, by mixing it witli metallic solu- 
f tioDB, such as muriate of antimony ; and he foimd he could do 
this to the requisite extent without altering its law of disper- 
lioii, or the proportion of the colored spaces in its spectrum. 
fijr incksing, therefore, muriate of antimony, L L, between 
two convex lenses of crown glass, as A B, C D in Jig. 54., 
Doctor Blair succeeded in renractuig parallel rays R A, RB 




to a single fecus F, without the least trace of secondary 
color. Before he discovered this property of the muriatic 
icid, he had contrived another, though a more complicated 
combination, fox producing the same effect ; but as he prefer- 
red the combination which we have described, and employed 
it in the best aplanatic object-glasses which he constructed, it 
u unnecessary to dwell any longer upon the subject 

In these ooservations, we have supposed that the lenses 
which arc combined liave no spherical aberration ; but tliough 
this is not the case, the combination of concave with convex 
lur&ces, when properly adjusted, enables us completely to 
correct the spherical along with the chromatic aberration of 
lenses. 

In the course of an examination of the secondary spectra 
psoduced by different combinations, I was led to tlie conclu- 
•ioo that there may be refraction without color, by m«ui8 of 
two prisma, awl that two lenses may converge white light to 

G2 
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(Hie focus, even though the prisms and the lenses are made of 
the same kind of glasa Wlien one prism of a different an^ 
is thus made to correct the dispersion of another prism, a ter- 
tiary spectrum is produced, which depends wholly on the 
angles at which the light is refracted at tlie two sur&ces of 
the prisms. See Treatise on New Philosophical Instrti>' 
ments, p. 400. 



CHAP. X. 

ON THE PHYSICAL PROPERTIES OF THE SPECTRUM. 

(68.) In the preceding chapter we have considered only 
those general properties of tlie solar spectrum on which the 
construction of achromatic lenses depends. We shall now 
proceed to take a general view of all its physical properties. 

On the Eocistence of Fixed Lines in the Spectrum, 

In the year 1802, Dr. WoUaston announced that in the 
spectrum formed by a fine prism of flint glass, free from veins, 
when the luminous object was a slit, the twentieth of an inch 
wide, and viewed at tlie distance of 10 or 12 feet, there were 
two fixed dark lines, one in the green and the other in the 
blue space. This discovery did not excite any attention, and 
was not followed out by its ingenious author. 

Without a knowledge of Dr. WoUaston's observation^ the 
late celebrated JM. Fraunhofer, of Munich, by viewing through 
a telescope the spectrum formed from a narrow line of sofiir 
liglit by the finest prisms of flint glass, discovered tliat the 
surface of the spectrum was crossed throughout its whole 
lengtli by dark lines of difterent breadths. None of tliese lines 
coincide with the boundaries of the colored spaces. They are 
nearly GOO in number: the largest of them subtends an apgle 
of from 5" to 10". From their distinctness, and the facility 
with which tliey may be found, seven of these lines, viz. 
B, C, D, E, F, G, II, have been particularly distinguislied by 
M. Fraunliofer. Of these B lies in the red space, near its 
outer end ; C, which is broad and black, is beyond tlie middle 
of the red ; D is in tlie oraiiire, and is a strong double line, 
easily seen, the two lines being nearly of the same size, and 
separated by a bright one; E is in the grecn^ and consists of 
several, the middle one being the strongest; F is in the blue, 
and is a very strong line ; G is in tlie indigo, and H in the 
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iface, ani] Imlf-way between A and B is a group of seven at 
eight, Ibrming together a dark band. Between B and C tlierc 
sre 9 linea ; between C and D there are 30 ; between D end 
E there arc 84 of difierent dzee. Between E and b there are 
24, at 6 there are three vei? strong lines, with a fine clear 
epace between the two wideeC; between b and F there are 
0^; between F and G 185^ and between 8 and H 190, 
ruany bein^ accumulated at G. 

These lines are seen with equal distinctness in spectra pro- 
duced by all Bolid and fluid bodies, and, whatever be the 
lengtliB of the spectra and the proportion of their colored 
ipaces, the lines preserve the same relative position to the 
boundaries of Ihe colored spaces ; and theretbre their ptopoi' 
dona] distances vary with the nature of the prism by whicli 
liiey are produced. Their number, however, their order, and 
their intensity are absolutely invariable, provided light coming 
either directly" or indirectly from the Eun be employed. 
Similar bands arc perceived in t)ie light of the planets and 
fixed ftart, of eohred fiame.$, and of the elfclric tpark. The 
■pectm from the light of Mars and from that of Venus con- 
tain the lines D, E, b, and F in the same positions as in sun- 
light In the spectrum from the light of Sirijw, no fixed 
lines could be perceived in the oranf^e and yellow spaces ; but 
m the grem there ivas a very strong streak, and two oilier 
vcrjr Htrtmg ones in tlic blue. They had no reseniblancii, 
l)0*-e\-er, to any of tlio linos in planetary light Tlie star 
Ciular p-ivos a epcctrum exactly like that of SIrius, tlic 
ftrcnk in the ffrwTi being in tlie very same place. The 
ttreaks were also seen in the blue, but Fraunhoiur could luit 
■ «*cnrlnin their place. In tlic ppcclruin cjf Piilliix there wore 
niMy weak but fixed lineii, ivliich looked like those in Venus. 

* Fioiabofei raunil Uip n^ry iiinp llnei iu mranli^bl. 
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It had the line D, for example, in the very same place as in 
the light of the planets. In the spectrum of Capella the 
lines D and b are seen as in the sun's light. The spectrum 
of Betalgeus contains numerous fixed lines sharply defined, 
and those at D and h are precisely in the same places as in 
8un-Iight It resembles the spectrum of Venu& IiPtl^ spec- 
trum of Procyfm Fraunhofer saw the line D in the orange ; 
but though he observed otiier lines, yet he could not deter- 
mine their place with any degree of accuracy. In the spec- 
trum of electric light there is a great number of bright Imea. 
The spectrum from the light of a lamp contains none of the 
dark fixed lines seen in the spectrum from sun-light; but 
there is in the orange a bright line which is more distinct 
than the rest of the spectrum. It is a double line, and oc- 
curs at the same place where D is found in the solar spec- 
trum. The spectrum from the light of a flame maintained by 
the blowpipe contains several distinct bright lines.* 

(69.) One of the most important practical results of the 
discovery of these fixed lines in the solar spectrum is, that 
they enable us- to take the most accurate measures of the 
refractive and dispersive powers of bodies, by measuring 
tlie distances of Uie lines B, C, D, &c. Fraunhofer com- 
puted the table of the indices of refraction of different sub- 
stances, given in the Appendix, No. HI. From the numbers 
in the table here referred to we may compute the ratios of 
the dispersive powers of any two of the substances, by the 
method already explained in a preceding chapter. 

On the Illuminating Power of the Spectrum, 

(70.) Before the time of M. Fraunhofer, the illuminating 
power of the different parts of the spectrum had been given 
only from a rude estimate. By means of a photometer he ob- 
tained the following results : — 

The place of maximum illumination he found to be at M, 
fig, 55., so situated that D M was about one third or one 
fourth of D £ ; and therefore this place is at the boundary of 
the orange and yellow. Calling the illuminating power at M, 
where it is a maximum, 100, then the light (^ other points 
will be as follows : — 



Light at the red extremity - 0*0 

B 3-2 

C 9-4 

D 64-0 

Maximum light at M . 100-0 
Light at E 48-0 



Light at F - - - - 17-00 

G - - - - 310 

H - - - - 0-56 

the violet ex- 



tremity 



I OKK) 



* See 7%« Edinburgh Journal qf Science, No. XV. p. 7. 
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Callins the intensity of the light in the brightest space D E 
K), Fiaullhofer found the light to have the following intensity 
I the other spaces : — 

Intensity of light mEF 32-8 

FG 18-5 

GH 3-5 



itensity of light in B C - 21 

C D 29-9 

DE 100-0 



From these results it follows that, in the spectrum exam- 
led by Fraunhofer, the most InminriHii ray is nearer the red 
lan the violet extremity in the proportion of 1 to 3*5, and 
lat the mean ray is almost in the middle of the blue space. 
Ls a great part, however, of the violet extremity of the spec- 
rum is not seen under ordinary circumstances, these results 
annot be applied to spectra produced under such circum- 
tances. 

On the Heating Power of the Spectrum, 

(71.) It had always been supposed by philosophers that the 
heating power in the spectrum would be proportional to the 
quantity of light; and Landriani, Rochon, and Sennebier, 
found the yeUmo to be the warmest of the colored spaces. Dr. 
Hcrschel, however, proved by a series of experiments that the 
heating power gradually increased from the violet to the "red 
extremity of the spectrum. He found also that the thermome- 
ter continued to rise when placed beyond the red end of the 
spectrum, where not a single ray of light could be perceived. 

Hence he drew the important conclusion, that there were 
invmhle rays in the light of the sun, which had the power of 
froducing heat, and which had a less degree of re/rangibil- 
ity than red light. Dr. Herschel was desirous of ascertaining 
the refrangibility of the extreme invisible ray which possessed 
the power of heating, but he found this to be impracticable ; 
and he satisfied himself with determining tliat, at a point 1^ 
inches distant from the extreme red ray, the invisible rays ex- 
erted a considerable heating power, even though tlie ther- 
mometer WBfi placed at the distance of 52 inches from the 
prism. 

These results were confirmed by Sir Henry Engleficld, who 
obtained the following measures : — 

Tcmpentnre. Trmpentarr. 



Red .... 72° 

Beyond red . . 79 



RIuc 56^ 

(tTftcn 58 

Yellow .... 62 

Whea tlie thermometer was returned from beyond the red 
into the red, it fell again to 72°. 
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M. Berard obtained analogous measures ; but he found thit 
the maxuDum of heat was at the very extremity of the red 
rays when the bulb of the thermometer was completely oo^ 
ered by them, and that beyond the red space the heat was 
only one fifth above that of the ambient air. 

Sir Humphry Davy ascribed Berard's results to his Ufiinff 
thermometers with circular bulbs, and of too large a size ; ana 
he therefore repeated the experiments in Italy and at Greneva, ^ 
with very slender thermometers, not more than one twelfth of 
an inch m diameter, with very long bulbs filled with air con- 
fined by a colored fiuid. The result of these experiments was 
a confirmation of those of Dr. Herschel.* 

M. Seebeck, who has more recently studied this subject, has 
shown that the place of maximum heat in the spectrum varies 
with the substance of which the prism is made. The fidlow- 
ing are his results : — 

Satatanoe of the Piiim. Colored qiace in which the heat to 

fa maximnm. 
Water Yellow. 

Alcohol Yellow. 

Oil of turpentine Yellow. 

Sulphuric acid concentrated . . Orange. 
Solution of sal-ammoniac . . . Orange. 
Solution of corrosive sublimate . Orange. 

Crown glass Middle of the red. 

Plate glass Middle of the red. 

flint glass Beyond the red. 

The observations on alcohol and oil of turpentine were 
made by M. Wunsch.t 

On the Chemical Influence of the Spectrum, 

(72.) It was long ago noticed by the celebrated Scheele^ 
that muriate of silver is rendered much blacker by the violei 
than by any of the other rajrs of the spectrum. In 1801, M. 
Ritter of Jena, while repeatinff the experiments of Dr. Her- 
schel, found that the muriate of silver became venr soon black 
beyond the violet extremity of the spectrum. It became a 
little less blackened in the violet itself, still less in the blue, 
the blackening growing less and less towards the red ex- 
tremity. When muriate of silver a little blackened was used, 
its color was partly restored when placed in the red space, and 
still more in the space of the invisible rays beyond the red. 
Hence he concluded that there are two sets of invisible rays 

* See Edinburffh Encyclopedia, vol. x. p. G9., where they were first pub* 
luhcd, as communicated to me by Sir Humphry. 

t For the recent observations of Signor Melloni, see Note IV. of Am. ed. 
which follows author's Appendix. 
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I tbe solar spectrum, one on the red side which &vorB oxy- 
natioD, and the other on the violet side which &vor8 dis- 
cygenation. M. Ritter also found that phosphorus emitted 
hite fumes in the invisible red ; while in the mvisible violet, 
Msphorus in a state of oxygenation was instantly eztin- 
ushed. 

In repeatinfif the experiments with muriate of silver, M. 
sebeck found that its color varied with the colored space in 
lich it was held. In and beyond the violet, it was reddish 
mm ; in the blue, it was blue or bluish grey ; in the yellow, 
was white, either unchanged or fiuntly tinged with yellow ; 
d in and beyond the red it was red. In prisms of flint glass, 
3 muriate was decidedly colored beyonid the limits of tlic 
ectram. 

Without knowing what had been done by Ritter, Dr. Wol- 
ston obtained the very same results respecting the action of 
3let light on muriate of silver. In continumg his experi- 
3nts, he discovered some new chemical efiects of light upon 
an guaiacum. Having dissolved some of this gum in alco- 
>1, and washed a card with the tincture, he exp(»ed it in the 
Serent colored spaces of the spectrum without observing 
y change of color. He then took a lens 7 inches in diame- 
r, and luving covered the central part of it so as to leave 
ly a ring of one tenth of an inch at its circumference, he 
lild collect the fe^s of any color in a focus, the focal di&- 
1C8 beinff about 24^ inches for yellow light The card 
tflhed wim guaiacum was then cut in small pieces, which 
sre placed in the different rays concentrated by the lens. In 
3 violet and blue rays it acquired a green color. In tlie 
Soto no effect was produced. In the red rays, pieces of tlie 
td already made green lost their green color, and were re- 
fed to their original hue. The guaiacum card, when placed 
carbonic acid gas, could not be rendered green at any dis- 
ice from the lens, but was speedily restor^ from green to 
How by the red rays. Dr. Wollaston also found tliat the 
:k of a heated silver spoon removed the green color as et- 
tnally as the red rays. 

On the Magnetizing Pofwer of the Solar Rays. 

78.^ Dr. Morichini, more than twenty years ago, announced 
X the violet rays of the solar spectrum hod the power of 
gnetizing small steel needles that were entirely free from 
gnetiflm. This effect was produced by collecting tlie violet 
'8 in the focus of a convex lens, and carrying tlie locus of 
lie nys from the middle of one half of the needle to the 
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extremities of that half, without touching the other half 
When this operation had been performed for an hour, the 
needle had acquired perfect polarity. MM. Carpa and Ridolfi 
repeated this experiment with perfect success ; and Dr. Mori- 
chini magnetized several needles in the presence of Sir H. 
Davy, Professor Playfair, and other English philosophera M. 
Berard at Montpelier, M. Dhombre Firmas at Alais, and pro- 
fessor Configliachi at Pavia, having failed in producmg the 
same effects, a doubt was thus cast over the accuracy of pre- 
ceding researches. 

A few vears ago. Dr. Morichini's experiment was restored 
to credit by some ingenious experiments by Mrs. SomerviUe. 
Having covered with paper half of a sewing needle, about an 
inch long, and devoid of magnetism, and exposed the othei 
half uncovered to the violet rays, the needle acquired mag- 
netism in about two hours, the exposed end exhibiting nortli 
polarity. The indigo rays produced nearly the same effect, 
and the blue and green produced it in a less degree. Whci 
the needle was exposed to the yellow, orange, red, or calorific 
rays beyond the red, it did not receive the slightest magetism 
although the exposures lasted for three days. Pieces of clocl 
and watch springs gave similar results ; and when the viole* 
ray was concentrated with a lens, the needles, &c., wen 
magnetized in a shorter time. The same effects were pro 
duced by exposing the needles half covered with paper to th( 
sun's rays transmitted through glass colored blue with cobalt 
Green glass produced the same effect The light of the sui 
transmitted through blue and green riband produced the sam( 
effect as through colored glass. When the needles thus cov 
ered had hung a day in the sun's rays behind a pane of glafl 
their exposed ends were north poles, as formerly. 

In repeating Mrs. Somerville's experiments, M. Baumgart 
ner of Vienna discovered that a steel wire, some parts ol 
which were polished, while the rest were without lustre, be 
came magnetic by exposure to the white light of the sun ; ; 
north pole appearing at each polished part, and a south pole a 
each unpolished part The efiect was hastened by concen 
trating the solar rays upon the steel wire. In this way he ob 
tained 8 poles on a wire eight inches long. He was not abli 
to magnetize needles perfectly oxidated, or perfectly polished 
or having polished lines in the direction of their lengtlis. 

About the same time, Mr. Christie of Woolwich found tlia 
when a magnetized needle, or a needle of copj)er or glass, vi 
brated by the force of torsion in the white light of tlie sun 
the arch of vibration was more rapidly diminished in the sim' 
light than in the shade. The effect was greatest on the mag 
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petized needle. Hence lie concludes that the compound sohir 
Inys possess a very sensible niairnetic intlnencc. 

These result:; have received a very rcniarkublc confirmation 
fiom the exi)oriments of M. Jfairlocci and M. Zantcdosclii. 
Frotessor Barlocci found that an armed natural Ioad>tiine, 
vhich could carry 1^ Koman pounds had its power neurlv 
ioubhd by twenty-tour hours' C'.\iKi>urc to the strong ]i;r|it oV 
the Sim. M. Zantede&chi Ibund tliat an artificial horstx^^hix.' 
loadstone, which carried 13i oz., carried »SJ more by thr».'o 
days* exposure, and at last supix^rtod 31 oz., by continuinir it 
in the sun's lidit. He found, that while the strcn^Mh in- 
creased in oxidated niatmcts, it diminished in those wiiirh 
were not oxidated, the diminution hecominfr iiu?ensible wln'ii 
the loadstone was hiirhly polished. He now concentrate<] iJu; 
solar rays upon the li>adstone by means of a lens ; and Im 
found that, both in oxidated and polished map^nets, thry aC' 
quire strength when their north pole is exposed to the sun'.s 
rays, and lose strcnnrth when tlie south pole is exi)osed. He 
found likewise that tlic aui:mcntation in the first ca.<e ex- 
ceeded the diminution in the second. ]\1. Znntedesclii n*- 
peated the experiments of Mr. Christie on needles vihratinir 
m the sun's light ; and he found that, by exixisin^ the nnrtli 
pole of a needle a foot long", the somi-amplitude of the lu.-t 
oscillation was 0^ less tlian tlie first; while, by exixjsin^r the 
south pole, the last oscillation became greater than tlie tir>t. 
M. Zantedeschi admits that he ot\en encountered inexplicablo 
anomalies in tliese experiments.'^ 

Decisive as tliese results seem to be in favor of the magr- 
netizing power both of vioh-'t and white light, yet a series of 
■{iparently very well conducted experiments have been lately 
published by MM. Riess and Closer,! which cast a doubt over 
the researches of preceding philosophers. In tliese ex|)eri- 
menta, they examined tlie number of oscillations perf<.»rmed in 
a given time Itpfurc and afttr the needle was submitted to the 
innuence of tlie violet rays. A focus of violet light cdiicrn- 
trated by a lens 1-2 inches in diameter, and :i-3 inches in tJiciil 
length, was made to traverse one half of the needlo "JdO 
times ; and tliough this experiment was rei)eatcd witli dilltT- 
ent needles, at difierent seasons of the year, and (iiill.Tcnt 
hoars of the day, yet the duration of a given number of oscil- 
lations was almost exactly the same afler as before the experi- 
ment Their attempts to verify tlie results of Baumgartnor 
were equally fruitless ; and they therefore consider tlieinseh es 

*E/dinhurgh Journal of Science, New Series, No. V., p. 76. 
tU- No. IV., p. ^5. 
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as entitled to reject totaUy a discovery^ which for seventei 
years hcts at differmU times disturbed science. '* The sms 
variations,'* they ohaev0f ^ which are found in some of o 
experiments, cannot constitute a real action of the nature 
that which was observed by MM. Morichinl, Baumgartm 
&;c., in so clear and decided a manner." 



CHAP. XL 

ON THE INFLEXION OR DIFFRACTION OF LIGHT. 

(74.) Having thus described the changes which light exp 
riences when refracted by the surfaces of transparent bodi( 
and the properties which it exhibits when thus decompos 
into its elements, we shall now proceed to consider the ph 
nomena which it presents when pacing near the edges 
bodies. This branch of optics is called the inflexion or t 
diffraction of light 

This curious property of light was first described by G 
maldi in 1665, and afterwards by Newton ; but it is to the lo 
M.<Fresnel that we are indebted for a most successful and al 
investigation of the phenomena. 

In order to observe the action of bodies upon the lig 
which passes near them, let a lens L L, of very short foci 
Jig. 56., be fixed in the window-shutter, M N, of a dark rooi 

Fig. 5^ 




and let R L L be a beam of the «un's light, transmitted throu 
the lens. This light will be collected into a focus at F, fn 
which it will diverge in lines FC, FD, forming a circa 
image of light on Sie opposite wall. If a small hole, abc 
the fortieth of an inch in diameter, had been fixed in the w 
dow-shutter in place of the lens, nearly the same diverge 
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beam of light would have been obtained. The shadows of all 
bodies whatever held in this light will be found to be sur- 
rounded with three fringes of the foQowing colors, reckoning 
fipom the shadow : — 

First fringe. — ^Violet, indigo, pale blue, green, yellow, red. 

Second fringe. — ^Blue, yellow, red. 

Third fringe. — Pale blue, pale yellow, pale red. 

In order to examine these fringes, we may either receive 
them on a smooth white surface as Newton did, or adopt the 
method of Fresnel, who looked at them with a magnifyiag 
glass, in the same manner as if they had been an image 
i>rmed by a lens. This last method is decidedly the best, as 
it enables the observer to measure the fringes, and ascertain 
the changes which they undergo under different circum- 
stances. 

Let a body B be now placed at the distance B F from the 
focus, and let its shadow be received on the screen C D, at a 
fixed distance from the body B, and the following phenomena 
will be observed : — 

L Whatever be the nature of the body B with regard to its 
density or refiractive power, whether it is platina or the pith 
ot a Tusbj whether it is tabasheer or chromate of lead, the 
fringes surrounding its shadow will be the very same in mag- 
nitude and in color, and the colors will be those given above. 

2. If the light R L is homogeneous light of the different 
cobrs in the spectrum, the fringes will be of the same color 
as the li^ht RL; and they wul be broadest in red light, 
onallest m violet, and of intermediate sizes in the interme- 
diate colors. 

3. The body B continuing fixed, let us either bring the 
acreen CD nearer to B, or bring the lens with which we 
view the fringes nearer to B, so as to see them at different 
distances behind B. It will be found that they grow less and 
less as they approach the edge of B, from which they take 
their rise. But if we measure the distances of any one fringe 
from the shadow at different distances behind B, we shall find 
that the line joining the same point of the fringe is not a 
straight line, but a hyperbola whose vertex is at 3ie edge of 
the tody ; so that the same fringe is not formed by the same 
Ugfat at all distances from the body, but resembles a caustic 
carve formed by the intersection of different rays. This cu- 
lious fact we have endeavored to represent in the figure by 
the hyperbolic curves joining the edge of the body B and the 
fringes which are shown by dotted lines. 

4 Hitherto we have supposed that B has been held at the 
Mme distance from F ; but let it now be brought to b, much 
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nearer F, and let the screen C D be brought to c (2, so Ihat 
bg is equal BG. In this new position, where nothing has 
been changed but the distance from F, the fringes will be 
found greatly increased in breadth, their relative distances 
from each other and from the margin of the shadow remain- 
ing the same. The influence of distance from the radiant 
point F on the size of the fringes, or on the quantity of 
inflexion, is shown in the following results obtained by M. 
Fresnel : — 





Diiitance of the inflcGting 
b'xiy B behind the ra- 
diant poiut F. 


Distance BO or bg behind thr 
body B or 6, where the in- 
flexion waa inca>iuri>d. 


Angular inflexiAO of the nd ttf 
of the fifbt fringe. 


Fb 
FB 


4 inches. 
20 feet. 


39 inches. 
39 


12' 6" 
3 55 



When we consider that the fringes are largest in red, and 
smallest in violet light, it is easy to understand the cause 
of their colors in white light ; for the colors seen in this case 
arise from tlie superposition of fringes of all the seven colors; 
that is, if the eye could receive all the seven differently color- 
ed fringes at once, these colors would form by their mixture 
the actual colors in the fringes seen by white light Hence 
we see why the color of the first fringe is violet near the 
shadow, and red at a greater distance ; and why the blending 
of the colors beyond the third fringe forms white light, in- 
stead of exhibiting themselves in separate tints. 

Upon measuring the proportional breadths of the fringes 
with great care, Newton found that they were as the num- 
bers 1, v/^» Vh >/h ^^^ ^^^ intervals in the same pro- 
portion. 

Besides the external fringes which surround all bodies, 
Grimaldi discovered within the shadows of* long and narrow 
bodies a number of parallel streaks or fringes alternately light 
and dark. Their number grew smaller as tlie body tapered ; 
and Dr. Young remarked that the central line was always 
white, so that there must always be an odd number of white 
stripes, and an even number of dark ones. At the angular 
termination of bodies these fringes widen and become convex 
to the central white line ; and when the termination is rect- 
angular, what are called the crested fringes of Grimaldi are 
produced. 

The phenomena exhibited by substituting apertures of 
various forms in place of the body B are very interesting. 
When the aperture is circular, such as that formed in a piece 
of lead with a small pin, and when a lens is placed behmd it 
80 as to view the shadow at different distances, the aperture 
will be seen surrounded with distinct rings, which contract 
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ate, and change their tints in the moBt beantiflil man- 
Vhen the aperture is one thirtieth of an indi, its di«- 
* B fixHn the luminous point 6 feeft 6 inches, and its 
i from the ^us of Ihe eye-lens^ or B 6, 24 inches^ 
swing series of rings was obsenred:-— 
rder. White, pale yellow, ydlow, orange, dull red* 
der. Violet, blue, whitish, greenish, yelbw, yelloWf 
>range. 

-der. Purple, indigo blue, greoiiflh Une, hdfjbit green, 
green, red. 

nler. Bluish green, bluish white, red. 
rder. Dull green, fiunt bluidi white, fidnt red* 
rder. Very faint green, very ftint red. ^ 

rder. A trace of green and red. 
n the aperture B is brought nearer to the eye-lens 
fecus is supposed to be at G, the central white spot 
ess and less till it vanishes, the rings graduidly ckang 
it, and the centre assuming inTcLHon 4en»« 
t tints. The following were the tints observed by 
rschel ; the distance between the radiant point F and 
OS 6 of the eye-lens remaining constant, and the 
3, supposed to be at B, being gra£ially brought nearer 




Yhite. 
AThite. 

fellow. 



ntense orange. 
)eep orange red. 
{riluant blood red. 
)eep crimscNi red. 
)eep poiple. 
^ery sombre violet 
ntenie indiga blue. 
*are deep blae. 
\ky blue. 
Muish iwhite. 
^ery pale blue, 
f reenish white, 
fellow. 

Grange yellow, 
icarlet 
led. 
Uue. 
)ark blue. 



Rings as described above. 

First two rings confused. Red of Sd, and 

green of 4tn order, splendid. 
Inner rings diluted. Red and green of 

the outer rings good. 
All the rings much diluted. 
Rings all very dilute. 
Rings all very dilute. 
Rings all very dilute. 
Rings all very dilute. 
A broad yellow ring. 
A pale yellow ring. 
A rich yellow. 

A ring of 'eran^e, with a sombre space. 
Orange red, with a pale yellow space. 
A crimson red ring. 
Purple, with orange yellow. 
Blue, orange. 

Bright blue, orange red, paleyeilow, white. 
Pale yellow, violet, pale yellow, white. 
White, indigo, dull orange, white. 
White, yellow, blue, dull red. 
Orange, light blue, violet, dull orange. 
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When two small apertures are used instead of one, and the 
rings examined by the eye-lens as before, two systems of 
rings will be seen, one round each centre ; but, besides the 
rings, there is another set of fringes which, when the aper- 
tures are equal, are parallel rectilineal fringes equidistant 
from the two centres, and perpendicular to the line joining 
these centres. Two other sets of parallel rectilineal fringe* 
diverge in the form of a St. Andrew's cross from the middle 
point between the two centres, and forming equal angles be- 
tween the first set of parallel fringes. If the apertures are 
unequal, the two systems of rings are unequal, and the first 
set of parallel fringes become hyperbolas, concave towards 
the smaller system of rings, and having the aperture in their 
common focus.* 

The finest experiments on this subject are those of Fraun- 
hofer ; but a proper view of them would require more space 
than we can spare.f 



CHAP. XIL 

ON THE COLORS OF TIHN PLATES. 

(75.) When light is either reflected from the surfaces of 
transparent bodies, or transmitted through portions of them 
with parallel surfaces, it is invariably white, for all tlie dif- 
ferent thicknesses of such bodies as we are in tlie habit of 
seeing. The thinnest films of blown glass, and the thinnest 
films of mica generally met with, will both reflect and trans- 
mit white light. If we diminish, however, the tliickness of 
these two bodies to a certain degree, we shall find that, in- 
stead of giving white light by reflexion and transmission, the 
light is in both cases colored. 

Mr. Boyle seems first to have observed that thin bubbles of 
the essential oils, spurit of wine, turpentine, and soap and 
water, exhibited beautiful colors ; and he succeeded in blow- 
ing glass so thin as to show the same tints. Lord Brereton 
had observed the colors of the thin oxidated films which the 
action of the weather produces upon glass ; and Dr. Uooke 
obtained films so equally thin that they exiiibited over their 
whole surface the same brilliant color. Such pieces of mica^ 
may be produced at the edges of plates quickly detached 
from a mass; but they may be more readily obtained by 



* Herachers Treatise on Light, § 735. 

t Se« Edinhurffh KneyclopiFdia, art. f )ptirs, Vol. XV., p. 536. 
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fltickmg' one eide of a plate of mica to a piece of sealing-wax, 
and tearing it away with a sudden jerk. Some extromoly 
liim films will then be left on the wax, which will exhibit 
the liveliest colors by reflected light. If wc could produce a 
fihn of mica with only one tenth part of the thickness of tliat 
which produces a bright blue color, tliis film would reflect no 
liriit at all, and would appear black if viewed by reflexion ajruinst 
a black body. But thougli no such film lias ever been obtained, 
or is likely to be obtained by any moans with which wc arc 
acquainted, yet accident on one occasion produccdjssolid fibres 
as thin, and actually incapable of reflecting light Tliis vory 
remarkable fact occurred in a crystal of quartz of a ^iiioky 
color, which was broken in two. The two surfaces of fracture 
were absolutely black; and tlie blackness appeared, at first 
sight, to be owmg to a thin film of opaque matter which liad 
insinuated itself into the crevice. This opinion, however, 
was untenable, as every part of the surface was black, and the 
two halves of the crystals could not have stuck togetlicr had 
the crevice extended across the whole section. Upon examin- 
ing this specimen with care, I found tliat the surfiice was per- 
fectly transparent by transmitted light, and tliat tiie blackness 
of the surfaces arose from their being entirely composed of a 
fine down of quartz, or of short and slender filaments whose 
diameter was so exceedingly small tliat they were incapable 
of reflecting a single ray of the strongest li^ht The diameter 
•of these fibres was so small, tliat, from principles which we 
shall presently explain, they could not exceed the one third 
of the millionth part of an inch. This curious specimen is in 
the cabinet of her grace the duchess of Gordon.* 1 have 
another small specimen in my own possession ; and I have no 
doubt that fractures of quartz and other minerals will yet be 
found which shall exhibit a fine down of difierent colors de- 
pending QQ their size. 

The oolorB thus produced by thinness, and hence called the 
colors of thm plates, are best observed in fluid bodies of a 
viscous natare. If we blow a soap-bubble, and cover it with 
a clear fflaas to protect it from currents of air, we sliall ob- 
serve, after it has grown thin by standing a little, a great 
many concentric colored rmgs round the top of it The color 
in the centre of the rings will vary witli the thickness ; but 
as the bubble grows thinner the rings will dilate, tlie central 
spot will become white, then bluish, and then black, after 
i^ch the bubble will burst, from its extreme thinness at the 
place of the black spot The same cliange of color with the 

* See Edinburgh Journal of Science, No. I., p. 106. 
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thickness may be seen by placing a thick film of an evapora' 
ble fluid upon a clean plate of glass, and watching the effects 
of the diminution of thickness which take place in the course 
of evaporation. 

The method used by Sir Isaac Newton for producing a thin 
plate of air, the colors of which he intended to investigate, is 
shown in fig. 57., where L L is a plano-convex lens, the 

Fig, 57. 




radius of whose convex surface is 14 feet, and Ha double 
convex lens, whose convex surfaces have a radius of 50 feet 
each. The plane side of the lens L L was placed downwards, 
so as to rest upon one of the surfaces of the lens 1 1, These 
lenses obviously touch at their middle points; and if the 
upper one is slowly pressed against the under one, there will 
be seen round the point of contact a system of circular color- 
ed rings, extending wider and wider as the pressure is in- 
creased. In order to examine these rings under different 
degrees of pressure, and when the lenses L L, 2 2 are at 
different distances, three clamp-screws, pjpfPt should be em- 
ployed, as shown in fig, 58., by turning which we may pro- 
duce a regular and equal pressure at the point of contact 

When we look at these rings through the upper lens, so as 
to see those formed by the light reflected from the plate of air 
Fig. 58. between the lenses, we may observe 

seven rings, or rather seven circular 
spectra or orders of colors, as described 
by Newton in the first two columns of 
the following Table ; the colors being 
very distinct in the first three spectra, 
but growing more and more diluted in 
the others, tiU they almost entirely dis- 
appear in the seventh spectrum. 
When we view the plate of air by looking through the un- 
der lens 1 1 from below, we observe another set of rings oi 
spectra formed in the transmitted light Only five of these 
transmitted rings are distinctly seen, and their colors, as ob- 
served by Newton, are given in the third column of the fol- 
lowing table ; but they are much more faint than those seen 
by renexicai. By comparing the colors seen by reflexion with 
those seen by transmission, it will be observed that the coloi 
transmitted is always complementary to the one reflected, oi 
which, when mixed with it, would imke white light 







• xn. COLOSS OF THIN FLATE8< 

U of the CbIbti of Thin Plates of Air. Water, and C 



































T'- 






Very black 




1^ 
2 


T 

IS 




Black 
Beginning ) 


WJjite 


1 


ST 


ofbhck \ 








Blue ' 


Yellowish red 


a 


15 


l^ 


rdcr' 


Whito 


Black 


5 


4 


Jots. 


Yellow 


Violet 


7 

a 


4 


4 








e 


5 




Red° 


Blue' 


9 


s 




Violet 


White 


nj" 


T- 


7 




Iiidim 




laf 


9 


8^ 




Blue 


Ydlow" 


u' 


to 
11 

12i 


b" 




Grenn 


Red 


15 


10] 

111 
111 

ia| 


irder 


Yellow 


Violet 


16 


ilora. 


(Jriin;;o 




17 

18 


13 




Bright red 


Blue 


13 
14 




Scarlet 




19 




Purple 


Ureen 


ai— 


is- 


134i 




Iii.ligo 


.... 


^ 


le 






Blue 


Yellow 


ITi 


i?r 


irder 


Green 
Yellow 


Red 


27I 


g- 


ilors. 


Red 


Bluish green 


29 


Slf 






Bluish red 




32 


StL 


aoj 




Bluish green 
Green 




U~ 


i5i 


Iz 


ITH 


Ped 


35? 


5^1 


23} 


irum 


Yellowish ) 




m 


27 


235 
26 


Ilore. 


green ] 
Red 


Bluish green 


m_ 


30} 


ilors. 


Greenish ) 
lilue \ 
Red 


Red 


46 
52^ 


p 


29| 
34 


trum 


Green i.'^Ji ) 
blue S 
Red 




05 


44 

48? 


38 
42 


E>-rH 


Greenish J 
111 lie ( 




71 


53i 


451 


DTder 


Rifit.lv J 




77 


57; 


49| 


alord. 


-.vhilc If 











94 A TBEA.TIBS ON OPTICS. FAST IL 

The preceding colore are tbcee which are ieen when ligU 



color requiring b greater thickneea to produce it. The coke 
of buj Dim, therefore, will desceiui to a color lower in, o 
neaier the beginning or, the scale, when it ia seen obliqiielj. 

Such fire the general phenomena of the colored rings wbao 
seen hy white lighL When we place the leases in homoge- 
neous light, or make the diSerent colors of the solar spectmm 
pass in succession over the lenses, the rings, which are alwiji 
of the same color as the light, will be fcund to be largest io 
red light, and to contiact graduBlly as Ihey are seen in all the 
succeeding colors, till they reach their smallest size in the 
violet rays. Upon measuring their diameters, Newtoo fiwnd 
them to have the £bllowing ratio in the dijferent colors at their i 
boundaries : — 



Since white light is composed of all the preceding colors, the 
rings seen by it will consist of all the seven difi^entl; ook*- 
ed systems of rings superposed as it were, and fbniUDg, I7 ' 
their union, the different colors in the Table. In ordw U 
eiplain this, we have constructed the annexed diagram, jGf. 
69., m the suppositioo Utat each ring or spectrum hu at 




same breadth in homogeneous light which it actually has 
when it is formed between sur&ces nearly flat, ca' wboi 
the thickness of the plate varies with the distance ftom the 
pMnt of contact* Let us then suppose that we form such » 
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m of rings with the seven colors of the spectrumy and 
1, sector is cut out of each ^stem, and i^aced, as in the 
e, round the same centre C. Let the angle of the red 
r be 50°, of the orange 30°, the yellow 40°, the green 
the blue 60°, the indigo 40°, and the violet 80°, being 
in all, so as to complete the circle. From the centre C 
BT the first, second, and third rings in all the sectors, with 

corresponding to the values in the preceding small 
e. Thus, since the proportional diameters of the ex- 
e red and the extreme orange are 1 and 0*024, the mid- 
f the red will be in the midme between these numbers, 
962 ; and consequently the proportional diameter, or the 
IS of the first red ring for the middle of the red space R, 
be 0*962. In like manner, the radius for the orange will 
904, for the yellow 0-855, for the green 0*794, for the 
0-rJ7, for the indi^ 0-696, and for the violet 0-655. Let 
ed rings be colored red as they appear in the experiment, 
(range rings orange, and so on, each color resembling that 
e spectrum as nearly as possible. If we now suppose all 
I colored sectors to revolve rapidly round C as a centre, 
(fleet of them all, thus mixed, should be the production of 
olored rings as seen by white light As the diameter of 

ring varies from the beginning of the red space to the 
of it, and so on with all the colors, the portion of the 
in each sector should be part of a spiral, and all these 
ate parts should uuite in forming a single spiral, the red 
ng tiie conmiencement, and the violet tilie termination of 
piral for each ring. 

lis diagram enables us to ascertain the composition of any 
e rings seen in white light Let it be required, for ex- 
e, to determine the color of the ring at the distance C m 
the centre, m being in the middle of the second red ring, 
id C as a centre, and with the radius C th, describe a cir- 
m nop, and it will be seen from the different colors 
gh which it passes what is its composition. It passes 
y through the very brightest" part of the second red ring, 
, and through a pretty bright part of the orange. It 
s nearly through the bright part of the yellow, at n ; 
gh the brightest part of the green ; through a less bright 
5f the blue ; through a dark part of the indigo, at p ; 
hrough the darkest part of the third violet ring. If we 
' the exact law according to which the brightness of any 
3 varied fix)m its darkest to its brightest point, it would 
be easy to ascertain with accuracy the number of rays 

* In the figure, the brightest port is the most shaded. 





ThirknetM of the air at tho 
Buwt Inmiuou* part. 


First Ring 


_ _ 1 


Second Ring - 


- _ 3 

1^8.060 


Third Ring 


" " TT^idOft " 


Fourth Ring - 


" " TT^.UOff " 



96 A TREATISE ON OPTICS. FAST H. 

of each color which entered into the composition of any of 
the rings seen by white light 

In order to determine tho thickness of the plate of air by 
which each color was produced, Newton found the squares of 
the diameters of the brightest parts of each to be in the 
aritlimetical progression of tlie odd numbers, 1, 3, 5, 7, 9, &c, 
and the squares of tlie diameteiB of the obscurest parts in the 
arithmetical progression of the even numbers, 2, 4, 6, 8, 10;. 
and as one of the glasses was plane, and the other spherical, 
their intervals at tliese rings must be in the sBune progression. 
He then measured the diameter of the fifth dark ring, and 
found that the thickness of the air at the darkest part of tkt 
FIRST dark ring, made by perpendicular rays, was the b^.Jut 
part of an inch. He tlien multiplied this number by the pro^ 
gression 1, 3, 5, 7, 9, &c., and 2, 4, 6, 8, 10, and obtained the 
following results : — 

TUrkncM of the air at Ac 
m<Mt obaeiira part. 

8 

When Newton admitted water between the lensei^ be 
found the colors to become fainter, and the rings smalfar; 
and upon measuring the thicknesses of water at which the 
same rings were produced, he found them to be nearly as the 
index of refraction for air is to the index of refraction for 
water, that is, nearly as 1*000 to 1*336. From these data be 
was enabled to compute the three last columns of the Table 
given in page 93, which show the tliicknesses in millionth 
parts of an inch at which the colors are produced in plates of 
air, water, and glass. These columns are of extensive use^ 
and may be regarded as presenting us with a micrometer &r^ 
measuring minute tliicknesses of transparent bodies by their 
colors, when all other methods would be inapplicable. 

We have already seen that when the thickness of the film 
of air is about ,--^,5;,yjjdth of an inch, wliich corresponds to the 
seventh ring, the colors cease to become visible, owing to the 
union of all the separate colors forming white light; but when 
the rings are seen in homogeneous light, they appear in much 
greater numbers, a dark and a colored ring succeeding each 
other to a considerable distance from the point of contact 
In this case, however, when tlie rings are formed between 
object glasses, the thickness of the plate of air increases so 
rapidly that the outer rings crowd upon one another, and 
cease to become visible from this cause. This effin^t would 
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obviously not be produced if they were formed by a solid film 
whose thickness varied by slow gradations. Upon this prin- 
ciple, Mr. Talbot has pointed out a very beautiful method of 
eiLhibiting these rings with plates of glass aad other sub- 
stances even of a tangible thickness. If we blow a glass ball 
K> thin that it bursts,''' and hold any of the fragments in the 
light of a spirit lamp with a salted wick, or in the light of 
any of the monochromatic lamps which I have elsewhere de- 
icribed, all of which discharge a pure homogeneous yellow 
li^t, the surface of these films will be seen covered wi^ 
firmges alternately yellow and black, each fringe marking out 
by its windings the lines of equal thickness in the glass film. 
Where the tmckness varies slowly, the fringes will be broad 
and easily seen; but where the variation takes place rapidly, 
the fringes are crowded together, so as to require a micro- 
acope to render them visible. If we suppose any of the films 
of glass to be only the thousandth part of an inch thick, the 
rings which it exhibits will belong to the 89th order ; and if 
a liurge rough plate of this glass could be ^t with its thick- 
nesB descending to the millionth part of an mch by slow gra- 
dationa^ the whole of those 89 rings, and probably many more, 
would be distinctly visible to the eye. In order to produce 
nch efiects, the light would require to be perfectly homoge- 



The rin^ seen between the two lenses are equally visible 
idiether air or any other gas is used, and even when there is 
DO gas at all ; for the rings are visible in the exhausted re- 
edver of an air-pump. 



CHAP. xm. 

ON TBE COLORS OF THIOK PLATES. 

(76.) The colors of thick plates were first observed and 
described by Sir Isaac Newton, as produced by concave glass 
mirrors. Admitting a beam of solar light, R, into a dark 
nxxn, through an aperture a quarter of an inch in diameter 
fcrmed in the window-shutter M N, he allowed it to fall upon 
ft fiflasB mirror, A B, a quarter of an inch thick, quicksilvered 
bttiind, having its axis in the direction R r, and tlie radius of 
the curvature of both its surfaces being equal to its distance 
behind the aperture. When a sheet of paper was placed on 
the window-shutter M N, witli a hole in it to allow tlie sun- 

* Filmi of mica answer the purpose still better. 

I 
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beam to pess, he observed the hole to be surrounded with 
fovw or five colored rings, with sometimes traces of a sixth 





and seventh. When the paper was held at a greater or a less 
distance than the centre of its concavity, the rinss became 
more dUute, and gradually vanished. The colors (h the foi^ 
succeeded one another like those in the transmitted Ef3n3tem in 
thin plates, as given in column 3d of the Table in page 931 
When the light R was rerf the rings were red, and so on with 
the other colors, the rings being largest in red and smallest 
in violet light. Their diameters preserved the same poK^xx^ 
tion as those seen between the object glasses ; the squares of 
the diameters of the most luminous parts (in homogeneooi 
light) being as the numbers 0, 2, 4, 6, o^., and the squares of 
the diameters of the darkest parts as the intermediate aom- 
bers 1, 8, 5, 7, &c. With mirrors of greater thickness the 
rings grew less, and their diameters varied inversely as the 
square roots of the thickness of the mirror. When tlie quick- 
silver was removed, the rings became fainter ; and when the 
back surface of the mirror was covered with a mass of oil of 
turpentuie, they disappeared altogether. These facts clearly 
prove that the posterior sur&ce of the mirror concurs with the 
anterior surface in the production of the rings. 

When the mirror A B is inclined to the incident beam Rf| 
the rings grow larger and larger as the inclination increase^ fl- 
and so also does the white round spot ; and new rings of odor * 
emerge successively out of their common centre, and the 
white spot becomes a white ring accompanying them, and the 
incident and reflected beams always nil upon the opposite 
parts of this white ring, illuminating its perimeter like two 
mock suns in the opposite parts of an iris. The colors of 
these new rings were in a contrary order to those of the 
former. 

The Duke de Chaulnes observed similar rings upon the ia^ 
face of the mirror when it was covered with gauze or mnslinf 
or with a skin of dried skimmed milk ; and Sir W. Herschel 
noticed analogous phenomena when he scattered hair-powder 
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tes of exactly the aune thirknmw^ I ftnned ont of the 
ece of parallel glaas two plates, A B» C D, and hani^ 
between them two pieces of soft wax, Iprened them 

to the distance of aboot one tenth 
of an inch fiom each other; and bf 
pressing ahore one piece of wiz 
more than anotbo^ i was able to 
give the two plates any small incli- 
natknichose. LetAB»CDthen 
be a section of the two jdates, thus 
inclined, at rig^t angles to the oom- 
moD section of their snrfiices, and 
let R S be a ra^ of li^t incident 
nearly in a verucal duectiGn and 
proceeding fiom a candle, or, what 
IS better, from a circular disc of 
condensed light subtending an an- 
5^ or 3^. If we place the eye Iwhind the plates, when 
i parallel we shall see only an image of the circular 
it when they are inclined, as in the figure, we shall 
in the direction V R several reflectea images in a 
ides the direct image. The first or the briSitest of 
ill be seen crossed with fifteen or sixteen beautiful 
)r bands of color. The three central ones consist of 
or whitish stripes ; and the exterior ones of brilliant 
' red and green light The direction of these bands 
T3 parallel to the common section of the inclined 
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plates. These colored bands increase in breadth by diminish- 
ing the inclination of the plates, and diminish by increasing 
their inclination. When tiie light of the luminous circular 
object &lls obliquely on the first plate, so that the plane of in- 
cidence is at right angles to the section of the plates, the 
fringes are not distinctly visible across any of the images; 
but their distinctness is a maximum when the plane of inci- 
dence is parallel to that section. The reflected images of 
course become more bright, and the tints more vivid, as the 
angle of incidence becomes greater ; when the angle of inci- 
dence increases fi-om 0° to 90°, the images that have suffered 
the greatest number of reflexions are crossed by other fringes 
inclined to them at a small angle. If we conceal the bright 
light of the first image so as to perceive the image formed by 
a second reflexion within the first plate, and if we view the 
image through a small aperture, we shall observe colored 
bands across the first image far surpassing in precision of 
outline and richness of coloring any analogous phenomenon. 
When these fi-inges are again concealed, others are seen on 
the image imme£ately behind them, and formed by a third 
reflexion from the interior of the first plate. 

If we bring the plate C D a little farther to the right hand, 
and make the ray R S fall first upon the plate C D, and be 
afterwards reflected back upon the first plate A B, from both 
the surfaces of C D, the same colored bands will be seen. 
The progress of the rays through the two plates is shown in 
the figure. 

When the two plates have the form of concave and convex 
lenses, and are combined, as in the double and triple achro- 
matic object glass, a series of the most splendid systems of 
rings are developed; and these are sometimes crossed by 
others of a different kind. I have not yet had leisure to pub- 
lish an account of the numerous observations I have made on 
this curious class of phenomena. 

In viewing films of blown glass in homogeneous yellow 
light, and even in common day-light, Mr. Tal£)t has observed 
tluit when two films are placed together, bright and obscure 
fringes, or colored fringes of an irregular form, are produced 
between them, though exhibited by neither of them separately. 



CSAP.XIY. 



COLORS OF FlBSfiS« 



101 



CHAP. XIV. 

ON THB COLORS OF FIBRES AND GROOVED SURFACES. 

(78.) When we look at a candle or any other luminous body 
iirough a plate of glass covered with vapor or with dust in a 
anely divided state, it is surrounded with a corona or ring of 
xdcn^ like a halo round the sun or moon. These rin^ increase 
IB the size of the particles which produce tiiem is duninished ; 
ind their brilliancy and number depend on the uniform size of 
faese particles. Minute fibres, such as those of silk and wool, 
NToduce the same series of rings, which increase as the diameter 
if the fibres is less ; and hence Dr. Young proposed an in- 
strument called an eriometerj fi)r measuring the diameters of 
ninute particles and fibres, by ascertaining the diameter of 
my one of the series of rings which they produce. For this 
rarpose, he selected the limit of the first red and greeft ring 
IS the one to be measured. The eriometer is formed of a 
liece of card or a plate of brass, having an aperture about the 
iflieth of an inch in diameter in the centre of a circle about 
lalf an inch in diameter, and perfi)rated with about eight 
mall holea The fibres or particles to be measured are fixed 
n a slider, and the eriometer being placed before a strong 
iglit, and the eye assisted by a lens applied behind the smaU 
lole, tiie rings of colors will be seen. The slider must then 
)e drawn out or pushed in till the limit of the red and green 
ing coincides with the circle of perforations, and the index 
^ then show on the scale the size of the particles or fibres. 
rbe seed of the lycoperdon bovista was found by Dr. Wol- 
bston to be the 8500dth part of an inch in diameter ; and as 
diis substance gave rings which indicated 3^ on the scale, it 
bUows that 1 on the same scale was the 29750th part of an 
inch, or the 30,000dth part The following Table contains 
Bome <^ Dr. Young's measurements, in thirty-thousandths of 
in inch : — 



Milk diluted indistinct . . 3 

DiMt of lycoperdon bovista 3^ 

Bollock's blood . . . . 4| 

Smat of barley . . . . 6^ 

Kood of a mare .... 6^ 
Human blood diluted with 

water 6 

ha n 

Silk 12 

Beaver's wool .... 13 
Mole's fur .... .16 



Shawl wool 19 

Saxon wool ...... 22 

Lioneza wool 25 

Alpacca wool 26 

Farina of laureatinus . . 26 

Ryeland Merino wool . . 27 

Merino South Down . . 28 

Seed of lycopodium ... 32 

South Down ewe .... 39 

Coarse wool 46 

Ditto fiY>m some worsted . 60 



12 
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(79.) By observing the colors produced by reflexion from 
the fibres which compose the crystalline lenses of the eyes of 
fishes and other animals, I have been able to trace these fibres 
to their origin, and to determine the number of poles or septa 
to which they are related. The same mode of observation, 
and the measurement of the distance of the first colored 
image from the white image, has enabled me to determine the 
diameters of the fibres, and to prove that they all taper like 
needles, diminishing gradually from the equator to the poles 
of the lens, so as to allow them to pack into a spheriou su- 
perficies as they converge to their poles or points of origin. 
These colored images, produced by the fibres of the lens, lie 
in a line perpendicular to the direction of the fibres, and by 
taking an impression on wax from an indurated lens the colors 
are commumcated to the wax. In several lenses I observed 
colored images at a great distance from the common image, 
but lying in a direction coincident with that of the fibres; and 
from this I inferred, that the fibres were crossed by joints or 
lines, whose distance was so small as the ll,000dih part of an 
inch ; and I have lately found, by the use of very powerful 
microscopes, that each fibre has m this case teeth like those 
of a rack, of extreme minuteness, the colors being produced 
by tlie lines which form the sides of each tooth. 

(80.) In the same class of phenomena we must rank the 
principal colors of mother-of-pearL This substance, obtained 
from the shell of the pearl oyster, has been long employed in 
the arts, and the fine play of its colors is therefore well known. 
In order to observe its colors, take a plate of regularly formed 
mother-of-pearl, with its surfaces nearly parallel, and grind 
tliese surfaces upon a hone or upon a plate of glass with the 
powder of schistus, till the image of a candle reflected from 
the surfaces is of a dull reddish-white color. If we now place 
the eye near the plate, and look at this reflected imiage, C, we 

Fig. en. 




M 






shall see on one side of it a prismatic image, A, glowing with 
all the colors of the rainbow, and forming indeed a spectrum 
of the candle as distinct as if it had been formed by an equi- 
lateral prism of flint glass. The blue side of this image ia 
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next the image C, and the distance of the red part of the 
image is in one specimen 7° 22' ; but this angle varies even 
in the same specimen. Upon first looking into the mother-of^ 
pearl, the image A may be above or below C, or on any side 
of it ; but, by turning tiie specimen round, it may be brought 
either to the right or left hand of C. The distance A C is 
SDudlest when me light of the candle falls nearly perpen- 
dicular on the surface, and increases as the inclination of the 
incident ray is increased. In one specimen it was 2^ 7' at 
nearly a perpendicular incidence, and 9^ 14' at a very great 
obliquity. 

oil the outside of the image A there is invariably seen a 
mass, M, of colored light, whose distance M C is nearly double 
AC. These three images are always nearly in a straight 
line, but the anmilar distance of M varies with the angle of 
incidence accormng to a law different from that of A. At 
great angles of incidence the nebulous mass is of a beautiful 
crimson color ; at an angle of about S7° it becomes green ; 
and nearer the perpendicular it becomes yellowish- white, and 
very luminous. 

Ii we now polish the surface of the mother-of-pearl, the 
ordinary image C will become brighter and quite white, but a 
second prismatic imagCj B, imU start up on the other side of 
C, and at the same distance from it. 

This second image has in all other respects the same pro- 
perties as the first Its brightness increases with the polish 
of the surface, till it is nearly equal to that of A, the lustre 
of which is slightly impaired by polishing. This second 
image is never accompanied, like the first, with a nebulous 
mass M. If we remove the polisii, the image B vanishes, and 
A resumes its brilliancy. The lustre of the nebulous mass M 
is improved by polishing. 

If we repeat these experiments on the opposite side of the 
specimen, the very same phenomena will be observed, with 
this diflference only, that the images A and M are on the op- 
posite side of C. 

In looking through the mother-of-pearl, when ground ex- 
tremely thin, nearly the same phenomena will be observed. 
Tlie colors and the distances of tlie images are the same ; but 
the nebulous mass M is never seen bv transmission. When 
the second image, B, is invisible by reflexion, it is exceedingly 
bright when seen by transmission, and vice versa, 

ui making tliesc experiments, I had occasion to fix the 
mother-of-pearl to a goniometer with a cement of resin and 
bee8*-wax ; and upon removing it, I was surprised to see the 
vbole aiT&uce of tlie wax shining with the prismatic colors of 
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the mother-of-pearl. I at first thought that a small film of the 
substance had been left upon the wax; but this was sooa 
found to be a mistake, and it became manifest that the mother- 
of-pearl really impressed upon the cement its own power of 
producing the colored spectra. When the unpolished mother- 
of-pearl was impressed on the wax, the wax gave only one 
image, A ; and when the polished surface was used, it gave 
both A and B : but the nebulous image M was never exhibited 
^y the wax. The images seen in the wax are always on the 
opposite side of C, from what they are in the sur&ce that is 
impressed upon it. 

The colors of mother-of-pearl, as communicated to a soft 
surface, may be best seen by using black wax ; but I have 
transferred them also to balsam of Tolu, realgar, fusible 
metal, and to clean surfaces of lead and tin by hard pressure^ 
or the blow of a hammer. A solution of gum arable or of 
isinglass, when allowed to indurate upon s- surface of mother- 
of-pearl, takes a most perfect impression from it, and exhibitB 
all the communicable colors in the finest manner, when seen 
either by reflexion or transmission. By placing the isinglass 
between two finely polished surfaces of good specimens ci 
mother-of-pearl, we shall obtaui a film of artificial mother-0^ 
pearl, which when seen by single lights, such as that of a 
candle, or by an aperture in the window, will shine with the 
brightest hues. 

If, in this experiment, we could make the grooves of the 
one surface of motJier-of-pearl exactly parallel to the grooves 
in the other, as in the shell itself, the images, A and B, formed 
by each surface, would coincide, and only two would be ob- 
served by transmission and reflexion : but, as this cannot be 
done, four images are seen throiigh the isinglass film, and 
also four by reflexion ; the two new ones being formed by re- 
flexion from the second surface of the film. 

From these experiments it is obvious that the colors under 
our consideration are produced by a particular configuration 
of surface, which, like a seal, can convey a reverse impres- 
sion of itself to any substance capable of receiving it By 
examining this surface with microscopes, I discovered in 
almost every specimen a grooved structure, like the delicate 
texture of the skin at the top of an infant's finger, or like the 
section of tlie annual growths of wood, as seen upon a dressed 
■plank of fir. These may sometimes be seen by the naked eye, 
but they are oflen so minute tliat 3000 of them are c(Hitained 
in an inch. The direction of the grooves is always at right 
angles to the line M A C B, Jig. 62. ; and hence in irre^h^ly 
formed mother-of-pearl, where the grooves are oflen circular, 
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and having every possible direction, the colored images A, B 
are irregularly scattered round the common image C. If tiie 
grooves were, accordingly, circular, the series of prismatic 
unages, A B, would form a prismatic ring round C, provided 
the grooves retained the same distance. The general distance 
of the grooves is &om the 200th to the 5000th of an inch, and 
the distance of the prismatic images from C increases as the 
grooves become closer. In a specimen with 2500 in an inch, 
me distance A C was 3^ 41' ; and in a specimen of about 
5000 it was about 7° 22'. 

These grooves are obviously the sections of all the con- 
centric strata of the shelL When we use the actual surface 
of any stratum, none of the colors A, B are seen, and we ob- 
serve only the mass of nebulous light M occupying the place 
of the principal image C. Hence we see the reason why the 
pearl gives none oi the images A, B, why it communicates 
oooe of its colors to wax, and why it shines with that delicate 
white light which gives it all its value. The pearl is formed 
of concentric spherical strata, round a central nucleus, which 
Sir Everard Home conceives to be one of the ova of the fish. 
None of the edges of its strata are visible, and as the strata 
have parallel sur&ces, the mass of light M is reflected exactly 
like the image C, and occupies its place; whereas in the 
mother-of-pearl it is reflected from sumces of the strata, in- 
clined to the general sur&ce of the specimen which reflects 
the image C. The mixture of all these diffuse masses of 
nebulous light, of a pink and green hue, constitutes the beau- 
tiful white of the pearls. In bad pearls, where the colors are 
too blue or too pink, one or other of these colors has pre- 
dominated. If we make an oblique section of a pearl, so as 
to exhibit a sufficient number of concentric strata, with their 
edges tolerably close, we should observe all the communicable 
colors of mother-of-pearl.* 

These phenomena may be observed in many other shells 
besides that of the pearl-oyster ; and in every case we may 
distinguish communicable &om incommunicable colors, by 
placing a film of fluid or cement between the surface and a 
plate of glass. The communicable colors will all disappear 
nom the filling up of the grooves, and the incommunicable 
colors will be rendered more brilliant 

(81.) Mr. Herschel has discovered in very tliin plates of 
mciher-of-pearl another pair of nebulous prismatic images, 
more distant from C than A and B, and also a pair of fainter 
nebulous images, the line joining which is always at right 

* See Edinburgh Journal qf Science, No. XII., p. 277. 
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angles to the line joining tlic firat poir.* These imsgea an 
seen by lookittg tfiTOVgh a thin piece of mother^tpeerl, cnt 
parallel Ui tlie notuml surface of the sliell, and between the 
7l)th and the ^ANkltli of on incli thick. They are much la^ 
than Annd B; and Atr. Hcr!£)iel Ibuiul that the line joiomg 
them was aJwHjs perpendicular lo a veined structure wbicb 
goes through its substance. Tlie distance of the red part of 
the image from C was found to be 1C° 29', and the veioi 
wliich produced these colors were so small lliat 3700 of them 
were contained in an inch. We have represented them in 
Jig. 03. Sfl crossing the ordinary grooves which give the oom- 
muaicable colors Mr Hersclief describes them as crossiDf 




these grooves at all angles, *gi\mg the m hole sur&ce much 
the appearance of a piecp of twilled s Ik, or the larger naves 
of the sea intersect^ with minute rpjlngs. The seccaid 
pair of nebulous images seen by tmnsn a n must arise from 
a veined structure c\iictlj per])end cular to the first, though 
the structure has not vet been rcconTlized by tl e microscope. 
The structure which pro(iuces the lightest pair Mr. Uerscliel 
has found to be in all cases coincident witli the plane passing 
through the centres of (he two systems of polarized rings. 

The principle of the production of color by groovfd snr- 
faces, and of the common icability of these cofors by pressure 
to various substances, has been happily applied to the arts by 
John Barton, Esq. By means of a delicate engine, operating 
by a screw of the most accurate worliinanship, he has suc- 
ceeded in cutting grooves upon steel at the distance of from 
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the 2000th to the 10,000th of an inch. Tliese lines are cut 
with the point of a diamond ; and such is t]icir^])crfect pnml- 
lelism and the uniformity of their distance, tliat whiJe in 
mother-of-pearl we see only one prismatic image. A, on eacJi 
ode of the conunon image, C, of the candle, in tlie grooved 
Bteel sur&ces 6, 7, or 8 prismatic images are seen, consisting 
of spectra, as perfect as those produced hy the finest prisms. 
Nothing in nature or in art can surpass tnis hrilliant display 
cf colors; and Mr. Barton conceived the idea of formuig but- 
tons for gentlemen's dress, and articles of female ornament 
covered with grooves, beautifully arranged in patterns, and 
whining in the Bght of candles or lamps witli all tlie hues of 
the spectrum. To these he gave tlie appropriate name of Iris 
ornaments. In forming the buttons, tlie patterns wero drawn 
on steel dies, and these, when duly hardened, were used to 
stamp their impressions upon polished buttons of brass. In 
day-light the colors on these buttons are not easily distinguish- 
ed, unless when the surface reflects the margin of a dark ob- 
ject seen against a light one ; but in the light of the sun, and 
that of gas-flame or candles, these colors are scarcely if at all 
surpassed by the brilliant flashes of tlie diamond. 

The grooves thus made upon steel are, of course, all trans- 
ferable to wax, isinglass, tin, lead, and other substances ; and 
by indurating thin transparent films of isinglsuss between two 
d these grooved surfaces, covered with lines lying in all di- 
rections, we obtain a plate which produces by transmission 
the most extraordinary display of prismatic spectra that has 
ever been exhibited. 

(82.) In examining the phenomena produced by some of 
&e finest specimens of Mr. Barton's skill, which he had tlie 
kindness to execute for this puri)ose, I have been led to tiie 
obaervation of several curious properties of light In motJicr- 
o^peorl, well polished, the central image, C, of the candle or 
lominous object is always white, as we sliould expect it to bo, 
in cmsequence of being reflected from the flat and polished 
florfiuses hetween the grooves. In like manner, in many 
ipecimena of grooved steel the image C is also perfectly 
white, and the spectra on each side of it, to the amount of six 
«r eight, are perfect prismatic images of the candle ; the 
inaee A, which is nearest C, being tlie least dispersed, and 
ill me rest in succession more and more dispersed, as if they 
Were formed by prisms of greater and greater dispersive 
{Kneers, or greater and greater refracting angles. These spec- 
tia contain the fixed lines and all the prismatic colors ; but tlie 
ffi or least refirangible spaces are greatly expanded, and the 
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iriolef or mtHtre&angible epocea greatly controcEetl, even DHR : 

than in tbe spectra produced b; sulphuric acid. ! 

In examining some of these prismatic images which seemed 
to be defective in particular raya, 1 was surprised to find that, 
in the specimens which jnoduced them, llie image C reflected 
tcoTa the polished origmal surface of the steel was itself 
slightly colored ; that its tint varied with the angle of inci- 
dence, and had some lektion to the de&lcatioD of color in the 
prismatic images. In order to observe these phenomena 
through a great range of incidence, I substituted for the can- 
dle a long narrow rectangular aperture, tbrmed by nearly 
closing the window-shutter^ and I then saw at one view the 
state of the ordinary image and all the prismatic images. In 
order to understand this, let A B, fig: 61, be the onlinuy 




image of the aperture reflected from the flat surface of the 
Btee! wliich lies between the grooves, and a b, a' b', a" b", &&, 
the prismatic unages on each side of it, every one of these 
images forming a complete spectrum with all its different 
colors. The miage A B was crossed in a direction perpen- 
diculai to its length with bnnd cdored fringe^ varying in 
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imp tints IVom 0° to IXP of incidence. In a. specimen witli 
TO grooves in on inch, tJie following' were ifie colors dia- 
[Itly eeen at different angles of incidence: — 

Bhie ... - **"50°"^' 

Bluish green - - 54 30 
Ycllowisii green - 53 15 
Whilish green - - 61 
Whitish yellow - - 49 
Yellow .... 47 16 
Pinkish yellow . - 41 
Pink red - - - - 36 
Whitish pink . . 31 
Green .... 24 
Yellow ... - 10 
Reddish - . . . 
e those of the reflected rings in thin plfttes. 
If we turn the steel plate round in azimuth, the very same 
colors appear at Uie same angle of incidence, and they suffer 
no change either by varying the distance of the sleet plale 
from the luminous aperture, or the distance of the eye q/" the 
elaerver from the grooves. 

In the precedmg table there we four oniera of cobra; but 
ID some specimens tliero are only three, in others two, in 
__ B raie, and in some only one or two tints of the first order 
B developed. A specimen of 500 grooves in an inch gave 
By the yellow of the first order tlirough the whole quiulrant 
^W mcideace. A specimen of 1000 grooves gave only one 
H<Bi[^^te order, wiUi a portion of the next A specimen of 
BS333 grooves gave only the yellow of the first order. A spe- 
1 cimCD of 50U0 gave a little more than one order ; and a spe- 
I eioten of 10,000 grooves in an inch gave also a little more 
I tbui one order. 

n fig. 64. we have represented the portion of the quadrant 
jicidence from about W" to 76°. In the first spcctCDRit 
• 6o6,t>viaIhe violet side of it, and rr the red side of it, 
I Md between these are arranged all the other colors. Atm, 
n incidence of 74°, the violet light is obliterated from Uie 
" mab; and at n, Dt an incidence of 60°, the red rays 
teraied; the intermediate colors, blue, green, &.c., being 
led at intermediate points between m and n. In the 
i apecttam, a' h' a' b', ihc vioki rays are obliterated at 
t «n incidence of 06° SO', and the red at n' at an ittci- 
je«f56". In the third spectrum, o"t" a" 6", the vioM 
I Bra oUileiatcd at m" st 57°, and the red at n" at 41° 
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3^; md in the iburth apectnim, the violet rava ore oblil' 
erated at m'" at 48=, and the red at n'" at 23° 30". A «imi- 
Ibi auccesBion d* obliterated tbts takes place on aU the pds- 
matic images at a lesser incidence, as shown at ^ >', f* '' ; tha 
violet being obliteiated at f and /■', and the red at v and i/, and 
the intermediate colors at intermediate points. la this 
second succession the line fi r begins and ends at the nme 
angle of incidence aa the line m" n" in the third prisnalic 
image a" b", and the line fi' W in the second prismatic image 
coirespwids withni'"n"' on the fourth prismatic image. In 
all these cases, the tints obliterated in the direction mn^i, 
&c., vrould, if restored, tbrm a complete prismatic speclnun 
whcee length is ran iir, iic 

Considering the ordinoiy image as white, a mmilar obliteia- 
tion of tints takes place upon it. The Tiolet is ohliterated at 
o about 76°, leaving pink, or wba* the violet wants of whits 
l^ht; and the red is obliterated at, paX 74°, leaving a bright 
b^e. The violet is obliterated at q and a, and the red at r 
and I, as may be inferred fitim the preceding Table <£ cdoa. 

The anal^ts of these curious and apoarenll]' complicated 
phenomena becomes very simple when they are examined tiy 
homogeneous light The eSect produced on red li^t is re- 
presented in fig. 65., where A B is the image of the n 
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aperture reflected I 



1 the original 



surface of the steel, and the fbur imagei 
on each side of it correspond vrith um 
prismatic images. All these niM 
images, however, ccmsist of bomogeoe- 
ous red light, which is obliterate, « 
nearly so, at the fifteen shaded recbn- 
gles, which are the minima of the new 
series of periodical colors which cron 
both the ordinary and the lateral imagea 
The centres p,r,t,n, y, &c of tbew 
rectangles correspond with the poiilli 
marked with the same letten in J^. 
64. ; and if we had drawn tbe tuM 
figure Sx violet light, tiie centres «f 
tbe rectangles would liave been all 
higher up in the figure, and wooll 
have corresponded with o, g, w, m, ^t 
&c in Jtg-. ftt The rectangles sbouU 
have been shaded off to represent the 
phenomena accurately, but the ml; 
object of the figure is to show M 
the eye tbe position and relatkos et 
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If we cover the sur&ce of the grooved steel vi^ith a fluid, 
80 as to diminish the refractive power of the sur^e, we de- 
▼elope more orders of colors on the ordinary image, and a 
greater numher of minima on the lateral images, higher tints 
oeii^ produced at a given incidence. But, what is very re- 
marEable, in grooved surfaces when the ordinary image is 
perfectly white, and when the spectra are complete without 
any obliteration of tints, the application of fluids to the 
grooved surface developes colors on the ordinary image, and a 
oorrespcmding obliteration of tints on the lateral images. The 
fblbwinff Table contains a few of the results relative to the 



la 



312. 



Maximum ttoC 
witlMrat a flnid. 



Perfectly white. 



( Gamboffe yellow 
{ ef the finst order. 



Maximum ttat with flaida. 



\ 



1. Water, tinge of yellow. 

2. Alcohol, tinge of yellow. 

3. Oil of cassia, faint reddish yellow. 

1. Water, pinkish red (first order). 

2. Alcdiol, reddish pink. 

3. Oil of cassia, bright blue (second 

order). 



I%ei]omena analogous to those above described take place 
upon the grooved surfaces of goldy silver, and calcareous 
spar ; and upon the surfaces of tin, isinglass, realgar, &c., 
to which the grooves have been transferred from steel. For 
an account of the phenomena exhibited by several of these 
mbstances, I must refer the reader to the original memoir in 
the Philosophical Transactions for 1829. 



CHAP. XV. 

OH Wm OF REFLEXION AND TRANSMISSION, AND ON THE 

INTERFERENCE OF LIGHT. 

(88.) In the preceding chapters we have described a very 
extensive class of phenomena, all of which seem to have the 
ttme origin. From his experiments on the colors of thin and 
of thick plates, Newton inferred that they were produced by 
a sing^ar property of the particles of light, in virtue of 
which they possess, at different points of their path, fits or 
dinositions to be reflected from or transmitted by transparent 
boaieBL Sir Isaac does not pretond to explain the origin of 
these fits, or the cause which produces them ; but we may 
fm a tolerable idea of them by supposing that each particle 
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of light, after its discharge from a luminous body, revol?e8 
round an axis perpendicular to the direction of its motion, and 
presenting alternately to the line of its motion an attractive 
and a repulsive pole, in virtue of which it will be refracted if 
the attractive pole is nearest any refracting sur&ce on which 
it falls, and reflected if the repulsive pole is nearest that sup- 
£a.ce. The disposition to be refracted and reflected will of 
course increase and diminish as the distance of either pde 
from the sur&ce of the body is increased or diminished. A 
less scientific idea may be formed of this hypothesis, by md- 
posing a body with a sharp and a blunt end passing thraa^ 
space, and successively presenting its sharp and blunt ends to 
the line of its motion. When the sharp end encounters any 
soft body put in its way, it will penetrate it; but when the 
blunt end encounters the same body, it will be reflected or 
driven back. 

To explain this more clearly, let R,jfe'. 66., be a ray of 
light falling upon a reftacting surface M N, and transmuted 

by that suriace. It is clear that it must 
have met the surface M N when it was 
nearer its fit of transmission than its fit of 
reflexion ; but whether it was exactly at its 
fit of transmission, or a little fixmi it, it is 
put, by the action of the surface, into the 
same state as if it had begun its fit of trans- 
mission at U Let us suppose that, after it 
has moved through a spaca equal to t r, its 
fit of reflexion ta^es place, the fit of trans- 
t"Ly mission always recommencing at t V, &c. 

and that of reflexion at r r', &c. ; then it is obvious, that if 
the ray meets a second transparent surface at 1 1\ &c., it will 
be transmitted, and if it meets it at r r', &c., it will be reflected. 
The spaces 1 1\ V t" are called the intervals of the fits of 
transmission, and r r', r' r" the intervals of the fits of re- 
flexion. Now, as the spaces 1 1\ r r', &c. are supposed equal 
for light of the same colors, it is manifest that, if M N be the 
first surface of a body, the ray will be transmitted if the 
thickness of the body \att\t t'\ &c. ; that is, i f , 2 « i', 3 « /*, 
4 1 f ', or any multiple whatever of the interval of a fit of easy 
transmission. In like manner the ray will be reflected if the 
thickness of the body is i r, i r' ; or, since tV \s equal to r r', 
if the thickness of the body is i H', \\t t\ 21 tV, 3^ f V, 
If the body M N, therefore, had parallel surfaces, and if the 
eye were placed above it so as to receive the rays reflected 
perpendicularly, it would, in every case, sec the sur&ce M N 
by the portion of light uniformly reflected from that surfiice ; 




EOBV OF FFTB. 113 

StlrtMi Ap thickness of tJie body wbs((',9 f i', 3 ((', 4(7', 
« 1000 ( t, the eye would receive no raya from the aocotid 
Inriitce, because Ihey are all transmitted ; wid in like manner. 

Iff the thickness was i f (', IJ ( f. Hi 1 1; or lOOOJ ( t', the eye 
VOUld receive all tke tight reflected from the second surface, 
because it is all reflected. When this reflected light meets 
I fte BiSt surface M N, on its way to the eye, it is all trana- 
ailtod, because it is then in its lit of transmission. Hence, 

Itathe first case, the eye receives no light &oin the second 
Ui&ce, and in the seamd case, it receives all tlie lifht frfun 
' Ibe wecond surface. If the body liad intermediate thicknesaea 
between ( t' and 2 t V, &c., as ^ It', then a portion of the 
^1^ would be reflectei! from the second eur&ce, increasing 
M the thickaesB increased from f f to 1^ t f, and diminishing' 
■gain as the thickness increased from IJ t (' to 2 tt'. 

But let US now suppose that the plate whose surface is AIN 
is unequally tliick, like tlie plate of air between the two 
lenaes, or a film of blown glass. Let it have its thicknesa 
varying- like a wedge MNP,^g-.67. Let t (', rr' be the in- 
Urvals of tiie fits, and let the eye he placed above the wedge 
u beRire. It is quite clear that near the point N the light 
that ftlls upon the second surface N P will be all transmitted, as 
it is in a lit of transmission ; but at Ihe thickness t r the light 
S will be reflected by tlie second surface, because it is then 
in its fit of reflexion. In like manner the light will be tians- 
nitted at t', again reflected at r", and again transmitted at t" ; 
W that Ihe eye above M N will see a series of dark and 
lumiBOUB bands, (he middle of the dark ones being at N, (', t" 
in Uie line N P, and of' the luminous ones at r, r^, &ic. in the 




Let us suppose that the figure ia suited to red 
B hght, 1 1 being the interval of a fit for that 
ft; then in violet light, V, the Interval of the fits 
'. If we Iherefbre use violet light, the in- 
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terval of whose fits is rp, a smaller series of violet and 06- 
scure bands or fringes will be seen, whose obscurest points 
are at N, r*, r", &c., and whose brightest points are at p,'p, 
&c In like manner, with the intermediate colors of the 
spectrum, bands of intermediate magnitudes will be fermed, 
having their obscurest points between t' and <', t" and t", and 
their brightest points between p and r, p' and r', &c ; and 
when wmte light is used, all these difl^ently colored bandB 
will be seen forming fringes of the different orders of colora 
given in the Table m page 93. If M N P, in place of being 
me section of a prism, were the section of one half of a 
plano-concave lens, whose centre is N, and whose concave sur- 
face has an oblique direction somewhat like N P, the directioD 
of the colored bands will always be perpendicular to the 
radius N M, or will be regular circles. For the same reason, 
the colored bands are circular in the concave lens of air be- 
tween the object glasses ; the same colors always appealing 
at the same thickness of the medium, or at the same distance 
from the centre. 

By the same means Sir Isaac Newton explained the cdxm 
of thick plates, with this difference, that the fringes are not 
in that case produced by the li^ht regularly refracted and re- 
flected at the two sur&ces of me concave mirror, but by the 
light irregularly scattered by the first sur&ce of the nuriw 
in consequence of its imperfect polish ; for, as he observes, 
*< there is no glass or speculum, how well soever polished, but, 
besides the light which it refracts and reflects regularly, 
scatters every way irregularly a faint light, by means w 
which the polished surface, when illuminated in a dark room 
by a beam of the sun's light, may be easily seen in all posi- 
tions of the eye." 

The same theory of fits afS)rds a ready explanation of tlie 
phenomena of double and equally thick plates, which we have 
described in another chapter. There are other phenomena 
of colors, however, to which it is not equally applicable ; and 
it has accordingly been, in a great measure, superseded by 
the doctrine of interference, which we shall now proceed 
to explain. 

(83.) In examining the black and white stripes within the 
shadows of bodies as formed by inflexion. Dr. Young found 
that when he placed an opaque screen either a few inches be* 
fore or a few inches behind one side of the inflecting body, B, 
Jig. 56., so as to intercept all the light on that side by receiv- 
ing the edge of the shadow on the screen, then all the firinges 
in the shadow constantly disappeared, although the light £ll 
passed by the other edge of tiie body as bdbre. Honce he 
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emcluded that the lig^ht which passed on both sides was nc- 
■cessaiy to the production of the fringes; a conclusion wJiich 
he might have deduced also from the known &ct, tliat when 
the bGdy was above a certain size, fringes never appeared in 
[■its shadow. In reasoning upon this conclusion, Dr. Young 
was led to the opinion, that the fringes within tiie shadow 
were produced by the interference of the rays bent into the 
Aadow by one side of the body B tbith the rays bent into the 
Aadow by the other side. 

In order to explain the law of interference indicated in this 
earperiment, let us suppose two pencils of light to radiate from 
two points very close to each other, and that this lifi^ht falls 
opon the same spot of a piece of paper held parallel to the 
line joining the points, so that the spot is directly opposite the 
pcnnt which bisects tiie distance between Uie two radiant 
points. In this case they may be said to interfere with one 
another ; because the pencils would cross one another at that 
spot if the paper were removed, and would diverge from one 
another. The spot will, therefore, be illuminatS with the 
sam of their lights ; and m this case the length of the paths 
of the two |>encils of light is exactly the same, the spot on 
the paper being equally distant from both ^e radiant point& 
Now, it has b^n found that when there is a certain minute 
difierence between the lengths of the paths of the two pencils 
of li^^ the spot upon the paper where the two lights inter- 
fere 18 still a brigfht spot illuminated by the sum of tlie two 
lights. If we csll this difierence in the lengths of their paths 
d, bright spots will be formed by the intcrrcrcnce of the two 
pencil when the differences in the lengths of the patlis arc 
d^ 2 <2, 3 c2, 4 <2, &c. All this is nothing more than what is 
consistent with daily observation ; but, what is truly remark- 
able and altogether unexpected, it has been clearly demon- 
strated that if the two pencils interfere at intermediate points, 
or when the difierence in the lengths of the paths of the two 
pencils is | d, 1^ (2, 2^ d, 3^ d, &c. instead of adding to one 
another's intensity, and producing an illumination equal to the 
sum of their lignts, they destroy each other, and produce a 
dark spot This curious property is analogous to the beating 
of two musical sounds nearly in unison with each other ; the 
beats taking place when the effect of the two sounds is equal 
to the sum of^ their separate intensities, corresponding to the 
Inminoiis spots or fringes where the effiict of the two Tights is 
equal to the sum of their separate intensities, and the cessa- 
tion of sound between the beats when the two sounds destroy 
each other, correnxmdmg to the dark spots or fringes where 
the two lights produce darkness. 



"By the aid of this doctrine the Tibeiiotnens. nf the inflexid 
of light, and tbosa of thin and thick pktes, may be weJl el 
(daiaed. With regard to the interior fringes, or those in ikj 
shadow, it is clear that as the middle of the shadow is eqi»^ 
distant from the edges of the inflecting body B, Ji^. 56^ theCd 
will be no diSerence in the length of the paths ot the pencils 
coming from each side of the body, and consequently alonff 
the middle of the whole length of eveiy dbitow shadow thef« 
should be a white stripe illuminated with the sum of the 1 — 
inflected pencils 1 but at a juint at such a distance flnni 
centre of the shadow that the difiereoce of the two ptAi 
the pencil from each side of the bod^ is equal to ^ ^ the tw» 
pencils will destroy each other, and give a dark stripe. He — 
there will be a, dark stripe on each side of the central bri 
one. In like manner it may be shown, that at & point at s 
a diMonce from the centre of the shadow that the difference' 
in the leng^ of the paths is 2d, 3d, there will be bri^ 
Stripes; and at intermediate points, where the dtfierence ia 
the lengths of the paths ie l^ d, 2^ d, there will be darfc 

In order to explain tlie origia of the external fringes. 
Dr. Yoimg and M. Fresnel ascribed them to the intertWaics' 
of the direct rays with other rays reflected from the imi 
of the inflecting body ; but M. Fresnel has tbund that 
fringes exiatwhen no such reflexion can take place; aod 
has, besides, shown tlie inauScicncy of the explanaticui, ei 
if auch reflected rays did exist. Me thereibre ascribes the 
temal fringes to llie interference of the direct rays with olJ 
ntys which pass at a sensible distance from the inflecttngbodf, 
aiid which are made to deviate from tlieir primitive diteatioiij 
That such nys do exist, he proves upon the undulatory theorji 
which we shall afterwards expiain. '. 

The phenomena of tliin plates are admirably explained ly 
the doctrine of interference. The light reflected from '' 
second suriacc of the plate interferes with the li^t reflei 
from the first, and as these two pencilfl of light come from 
ferent points of space, Ihey must reach the eye with &Sa 
len|rths of paths. Hence Ihey will, by their bterfcrenct^ ft_ 
Imninous iringes when the diflerence of the paths is d, S < 
a d, Slc, and obscure fringes when that difference is Id, 11 1 
2i d. 3^ d, ficc. 

In .accounting for the colors of thick plates observed 1 
Newton, the light scattered irregularly tram every point ( 
the first surface of llie concave mirror falls diverging on ll 
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jid being reflected from this sutfoce in lines 

i pcHiit bdiiDd, they will sufl^r re&actian in 

t of the first sur&ce of the mimn', being made to 

. if Irom a point still uearer the mirror, bat behind 

From tills last point, therefore, the screen M N, 

. ia ilhiniinatcd by the rays originally Bcattered on 

f the first sui&ce. But when the regularly refiecled 

r retlexion from the second sur^e, emerges from 

. It will be scattered irregularly trom each point on 

I flur&ce, and radiating from these pointa will illuminate 

B p«per screen M N. EvMy point, therefore, in the paper 

Kreeo is illuminated by two kmds of scattered light, the one 

ndiating from each point of the first surface, and the other 

& points behind the second Eurfsce ; and hence bright and 
re bands will be formed when the difiereuces of the. 
tengtlw of their paths are su^h as have been already de- 

Tbe cidors of two equally thick and inclined plates are also 
ocpliealile by tlie law of interference. Although tlie light re- 
flected by the difierent Burfaces of tha plate emerges paiallel 
U duwn ill fig, 61., yet in consequence of the inclination of 
ifaeplBtes it reaches the eye by paths of different lengths. 

llw colors of fine fibres, of mmute particles, of mottled and 
Mriateil sur&ces, and of equidistant mrallel lines, may be all 
referred to tlie interference of dmerent portions of light 
leactiiug the e;e bv paths of difierent lengths ; and though 
KWie difficulties still exist in the application of the doctrine to 
particular phenomena that have not been sufficiently studied, 
yet there can be no doubt that these difficulties will be re- 
noved by closer investigation. 

Ab all the phenomena of interference are dependent upon 
Ihe quantity it, it btcomes interesting to ascertain its exact 
oaigaitadc tbr tlie differently colored rays, and, if possible, to 
Mce its origin to some primary cause. It is obvious, as 
nannlitifer hes reniarhcd, tlrnt this <juantity d is a, real ahso- 
ik magnitude, and whatever nieanmg we may attach to it, 
^ ll ■) demonstrable that one half of it, m reference to the phe- 
noWBiia produced by it, is opposed in its properties \o the other 
hilf; BO that if the anterior half combines accurately with 
** haU^ or interferea with it in this manner mtder a 

the efiect which would have beeu produced by 
ipBiately is destroyed, ntereas the same eSect is 
if two anterior or two posterior halves of this mag- 
combine or interlere in a similar manner. 
~n the Newtonian theory of li^bt, ur the theory of 
BB it is called, in wliicb light la Buppoeod to consist 
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of material particles emitted by luminous bodies, and mame 
through space with a velocity of 182,000 miles in a second 
the quantity d is double the interval of the fits of easy re- 
flexion and transmission ; while in the undulatory theory it is 
equal to the breadth of an undulation or wave of li^t 

In the undulatory theory, an exceedingly thin wad elastic 
medium, called ether, is supposed to fill all space, and to oo- 
cupy the intervals between the particles of all material bodiea 
The ether must be so extremely rare as to present no Wve* 
ciable resistance Jto the planetary bodies which move neely 
through it ^ ' 

The particles of this ether are, like those of air, capiUe of 
being put into vibrations by the agitation of the particles of 
matter, so that waves or vibrations can be propagated throng 
it in all directions. Within refi:'acting media it is less elastic 
than in vacuo, and its elasticity is less in proportion to the r^ 
fi-active power of the body. 

When any vibrations or undulations are propagated throufi^ 
this ether, and reach the nerves of the retma, they excite the 
sensation of light, in the same maimer as the sensation of 
sound is excit^ in the nerves of the ear by the vifaiatiooB of 
the air. 

Differences of color are supposed to arise firom dififezences 
in the frequency of the ethenal undulatkns ; red- being pro- 
duced by a much smaller number of undulaticHis in a given 
time than blue, and intermediate colors by intermediate num- 
bers of undulations. « 

Each of these two theories of light is beset with difiiculties 
peculiar to itself; but the theory of undulations has made 
great progress in modem times, and derives such powerfiil 
support from an extensive class of phenomena, that it has been 
received by many of our most distmguished philosophers.^ 

In a work like this it would be in vain to attemift to give 
a particular account of the principles of this theory. It may 
be sufficient at present to state, that the doctrine of inter- 
ference is in complete accordance with the theory of undulap 
tion. When similar waves are combined, so that the elev^ 
tions and depressions of the one coincide with those of the 
other, a wave of double magnitude will be produced; whereas^ 
when the elevations of the one coincide with the depressions 
of the other, both systems of waves will be totally destroyed. 
^ The spring and neap tidel," says Dr. Younfif, ^derived nom 
the combination of the simple soli-lunar tidies, affi>rd a mag- 
nificent example of the interference of two immense waves 
with each otlier ; the spring tide bein^ the joint result of the 
combination when they coincide in time and place, and the 
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neap tide where they succeed each other at the distance of 
half an interval, so as to leave the effect of their di^rence 
only sensible. The tides of the port of Batsha, described and 
explained by Halley and Newton, exhibit a different modifica- 
tion of the same opposition of undulations ; the ordinary pe- 
riods of high and low water being altogether superseded on 
account of the different lengths of the two channels by which 
the tides arrive, afl^rding exactly the half interval which 
causes the disappearance of the alternation. It may also be 
very easily observed, by merely throwing two equal stones 
into a piece of stagnant water, that tiie circles of waves which 
they occasion obliterate each other, and leave the surface of 
the water smooth in certain lines of a hyperbolic form, while 
in other neighboring parts the surface exhibits the agitation 
belonging to both series united." 

The following Table given by Mr. Herschel contams the 
principal data of the undulatory theory : — 



Oolan flf tka Spaetram. 


Lenitha of na On- 
datetioa in puta 


Number of 
DndnlaUons 




of anliicli In air. 


in an Inch. 


Extreme red . 


0-0000266 


37640 


Red . . . 


0-0000256 


39180 


Intermediate . 


0-0000246 


40720 


Orange . . 


0-0000240 


41610 


Interm^iate . 


0K)000235 


42510 


YeUow . . 


0K)000227 


44000 


Intermediate . 


0-0000319 


45600 


Green 


0-0000211 


47460 


Intermediate . 


0-0000203 


49320 


Blue . . . 


0-0000196 


51110 


Intermediate . 


0-0000189 


52910 


Indigo . . 


0-0000185 


54070 


Intermediate . 


0-0000181 


55240 


Violet . . 


0-0000174 


57490 


Extreme violet 


0-0000167 


59750 



Nunber of Undntatiou in » 
Second.* 



458,000000,000000 
477,000000,000000 
495,000000,000000 
506,000000,000000 
517,000000,000000 
535,000000,000000 
555,000000,000000 
577,000000,000000 
600,000000,000000 
622,000000,000000 
644,000000,000000 
658,000000,000000 
672,000000,000000 
699,000000,000000 
727,000000,000000 



•* From this Table," says Mr. Herschel, ** we see that the 
noBibility of the eye is confined within much narrower limits 
than that of the ear ; the ratio of the extreme vibrations being 
nearly 1*58 : 1, and therefore less than an octave, and about 
ec^ual to a minor sixth. That man should be able to measure 
with certainty such minute portions of space and time, is not 
a little wonderful ; for it may be observed, whatever theory 
of light we adopt, these periods and these spaces have a real 
existence, being in fact deduced by Newton from direct mea- 
rarements, and involving nothing hypothetical but the names 
here given them." 

* Taking the velocity of light at lLtS,000 miles per second. 
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CHAP. XVL 

ON THE ABSORPTION OF LIGHT. 

(85.) One of the most curious properties of bodies in their I 
action upon light, and one which we are persuaded will yet j 
perform a most important part in the explanation of optical 
phenomena, and become a ready instrument in optical re- 
searches, is their power of absorbing light Even the mcst 
transparent bodies in nature, air and watery when in sufficient 
thickness, are capable of absorbing a great quantity of li^t 
On the summit of the highest mountains, where their li^t 
has to pass through a much less extent of air, a much greater 
number of stars is visible to the eye than in the plains below; 
and through great depths of water objects become almost in- 
visible. The absorptive power of air is finely displayed in 
the color of the morning and evening clouds ; and that of 
water in the red color of the meridian sun, when seen from 
a diving-bell at a great depth in the sea. In both these cases, 
one class of rays is absorbed more readily than another in 
passing through the absorbing medium, while the rest make 
their way in the one case to the clouds, and in the other to 
the eye. 

Nature presents us with bodies of all degrees of absorptive 
power, as shown in the following brief enumeration : — 



Charcoal. 

Coal of all kinds. 

Metals in general. 

Silver. 

Gold. 

Black hornblende. 

Black pleonaste. 



Obsidian. 

Rock crystal. 

Selenite. 

Glass. 

Mica. 

Water and transparent fluids. 

Air and gases. 



Although charcoal is the most absorptive of all bodies, yet, 
when it exists in a minutely divided state, as in some of the 
gases and flames, or in a particular state of agsfregation, as in 
the diamond, it is highly transparent In like manner, all 
metals are transparent in a state of solution ; and even sUver 
and gold, when beaten into thin films, are translucent, the 
former transmitting a beautiful blue, and the latter a beautiful 
green light* 

* See Note No. VI. of Am. ed., in the notes following tbe auUior'f 
Appendix. 
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have not yet aBceitained the nature of the 
bjr which bodies absorb light Some hnve thought 
. the pirticlea of light are reflected in all direclions by the 
idea of the ahaorbing body, or turned aside by the forces 
TceideDt in the particles ; whUe others are of opinion that 
they are detained by the body, and assimilated to its sub- 
■tauce. If the particleB of light were reflected or merely 
Itumed out of their direction by the action of the particles, it 
nema to be quite demonstrable that a portion of the noHt 
opaque matter, such as charcoal, would, when exposed to a, 
Rrong beam of light, become actually phoephoreBcent during 
its illumination, or would at least appear white ; but as all Ihe 
liirht which enters it is never agiun visible, we must believe, 
tin we hnve evidence of the contrary, tliat the Jight Is actu- 
ll^ slopped by the particlea of the body, and remains within 
it ID Ihe Ibrm of imponderable matter. 

Some idea may be formed of the law according to which a 
body absorbs light, by supposing it to consist of a given Dum- 
ber rf equally thin plates, at the re&actii^g sur&ces of which 
there IB no light lost by reflexion. If the first plate has the 
power of abwirbing ^th of the light which enters it, or 100 
i»^ out of 1000;' then i tha of the original light, or 900 rays, 
will lall upon the eecood plate ; and ^tli of these, or 00, be- 
ing' aheorbed, 810 will &11 upon the third plale, and so on. 
Hence it is obvious that the quantity of light transmitted by 
w^ number of films is equal to the light transmitted through 
gne film multiplied as often into itself as there are films 
Thaa, since 900 out of 1000 rays are transmitted by one film 
ftXj^X A equal to y'^V "r 729 rays, will bo the quantity 
tranEmitted by three fSlms ; and therefore the quantity absorli- 
ed will be 271 rays. Of the various bodies which absorb 
light copiously, there are few that absorb all Ihe colored rays 
of the spectrum in equal proportions. While certain clouds 
absorb the blue lays and transmit the red, there are others 
tfatt absorb all the rays in equal proportiona, and exhibit the 
•an and tlie moon when seen through them perfectly white. 
hk diluted is a fine example of a fluid which absorbs all the 
colored raya in equal proportions; and it has on this account 
been applied by Sir William Herschel as a darkening sub- 
■Unce lor obtaining a white image of the sun. Black pleon- 
nle and olmidian aflbrd examples of solid substances which 
ibsorh nil the colors of the spectnun proportionally. 
"^.) All colored transparent bodies, however, whether 
or fiiiid, do not necessarily absorb the colors proportion- 
Illy ; ibr it is only in consequence of an unequal absorption 
'' * they could appear colored by transmitted light In order 
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to exhibit this absorptive power, take a thick piece of the UoB ! 
ghLSB that is used for finger glasses, and which is sometimei' 
met with in cylindrical rods of about Aths of an inch id 
diameter, and shape it into the form of a wedge. Form a 
prismatic image of the candle, or, what is better, of a narrow 
rectangular aperture in tlie window by a prism, and examine 
this prismatic image tlirough the wedge of colored gbuBi 
Through the thinnest edge the spectrum will be seen nearly 
Bn complete as before the interposition of the wedge ; but as wo 
look at it through greater and greater thicknesses, we shall 
see particular parts or colors of the spectrum become fiunter 
and lainter, and gradually disappear, while others suffer but a 
slight diminution of their brightness. When the thickness is 
about the twentieth part of an inch, the spectrum will have 
the appearance shown in Jig. 68., where the middle Roftke 
red space is entirely absoAed, the inner red that is left is 
weakenod in intensity ; the orange is entirely absorbed ; the 
yellow Y \a left almost insulated ; the green G on the side of 
Fiff.es. ^^ yellow is very much absorbed; 

and a slight absorption takes place 
along the green and blue space. At 
a OTeater thickness still, the inner 
red diminishes rapidly, and also the 
yellow, green, and blue ; till, at a certain thickness, all the 
middle colors of the spectrum are absorbed, and nothing left 
but the two extreme colors, the red R and the violet V, as 
shown in Jig. 69. As the red light R has much greater in- 
Fig.Gd. tensity than the violet, the glass 

has at this tiiickness tlie appearance 
of being a red glass ; whereas at 
small thicknesses it had the appear- 
ance of being a blue glass. 
Other colored media, instead of absorbing the spectrum in 
the middle, attack it, some at one extremity, some at anotlier, 
and others at botli. Red glasses, for example, absorb tlie blue 
and violet with great force. A thin plate of native yellow 
orpiment absorbs tlie violet and rcfningible blue rays very 
powerfully, and leaves the red, yellow, and green but little 
a fleeted. Sulphate of copper attacks botli ends of the spec- 
trum at once, absorbing the red and violet rays with great 
avidity. In consequence of these different powers of ateorp- 
tion, a very remarkable plienomeiion may be exhibit€»d. If 
wo Kx)k through the blue glass so a.<» to sec the s])octruiTi in 
^fig. (>!>., and then look at Uiis spectrum again with a thin 
]ilnto of sulj)hate of copper, which aksorl)s the cxtronie rays 
at 11 and V, tlie two sulitances tlius combined will be nhso- 
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lately opaque, ajii] not a ray of light will reach the eye. The 
«fiect ta periiaps more striMng if we look at a bright white 
object tlitough the two media together. 

(87,yJn Bltempling to ascertain the influence of heat on 
the absorbing power of colored media, I was Burprised to ob- 
KTve that it produced opposite effects upon different glasses, 
dminishing the abaorbing power in some and tiu^reasing it 
in othera Having brought (o a red heat a piece of purple 
gluB, that absorbed the greater part of the green, the yellow, 
Idd the interior or most refrangible red, I held it before a 
AoDg light; and when ita red heat had disappeared, 1 ob- 
ETTM that tiie trunspamncy of the glass was increased, and 
Bnt it transmitted freely the green, the yellow, and the 
bitenor red, all of which it hail formerly, in a great measure, 
ihsorbed. This effect, however, gnuiually disappeared, and 
it recovered ita ibrmer absorbent power, when completely 
cold. 

When yellowish-green glass was heated in a similar man- 
Del^ it lest its transparency almost entirely.) In recovering its' 
oieen color, it parsed through various shades of olive green; 
sot it* tint, when cold, continued lesi green than it was he- 
ftre die experimcnL A part of the glass had received in 
DoidiRg A polarizing slructure, and this part could be easily 
dialinguished Irani the other part by a difference of tint 

A plate of deep red giass, which gave a homogeneous red 
imige of the candle, became very opaque when heated, and 
Ksrcely transmitted the hght of the candle after its red heat 
ImJ wibsided. It recovered, however, its transparency to a 
BntaJn degree; but when cold, it was more opaque than the 
piace from which it was broken. I have observed analogous 
plwDDmeiia in mineral bodies. Certain specimens of topaz 
Mve their absorbing power permanently changed by heat. 
In subjecting the ^as ruby to liigh degrees of heat, I ob- 
*"""""■ that lis red color changed into green, which gradually 
into brown as the cooling advanced, and resumed by 
« its original red color. In like manner, M. Berzelius 
rved the spinelle to become (toicii by beat, then to grow 
UB as the heat increased, and to pass through a fine olive 
n betbre it recovered its red color, A reniarkable change 
rbent power is exhibited by heating very considerably, 

IS not to inflame it, a plate of yeUow native orpiment, 

whkh abaorbs the violet and blue raya. The heat renders it 
■liDOBt Uood red, in consequence of its now absorbing the 




, the green and yellow rays. 

color, however, by cooling. A still more striking 
may be produced witlk faxe phoephoruei which ia of a , 
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slightly yellow color, traasmittiiig freely almost all the c< 
ed ray& When melted, and suddenly cooled, it acquired 
power of absorbing all the colors of the spectrum at ih 
neeses at which it formerly transmitted them aJL The bl 
ness produced upon pure phosphorus was first observed 
Thenard. Mr. Faraday observed, that glass tinged pu 
with manganese had its absorptive power altered by the i 
transmission through it of the solar rays. 
. By the method above described of abscnrbing partic 
colors in the ^)ectrum, I was led to propose a new metho 
analyzing white light The experiments with the blue | 
incontestably prove that the orange and green colors in { 
light are compound colors, which, though they cannot be 
composed by the prism, may be decomposed by absorptioi 
which we may exhibit alone the red part of the orange 
the blue part of the green, or the yellow part of the on 
and the yellow part of the green ; and, by submitting 
other colors of the spectrum to the scrutiny of absor 
media, I was led to the conclusions respecting the sped 
which are explained in Chapter VIL 

We have already seen that in the solar spectrum, as 
Bcribed by Fraunhofer, there are dark lines, as if rays of 
ticular refrangibilities had been absorbed in their course : 
the sun to the earth. The absorption is not likely to ] 
taken place in our atmosphere, otherwise the same ] 
would have been wanting in the spectra from the fixed s 
and the rays of solar light reflected from the moon and pla 
would probably have been modified by their atmospht 
But as this is not the case, it is probable that the rays w 
are wanting in the spectrum have been absorbed by the i 
atmosphere, as Mr. Herschel has supposed. 

(68.) Connected with the preceding phenomena is the 
ject d colored flames, which, when examined by a pi 
exhibit spectra deficient in particular rays, and reseml 
the solar spectrum examined by colored glasses. Pure 
drogen gas bums with a blue name, in which many of 
rays of Sffht are wanting. The flame of an oil lamp com 
most of me rays which are wanting in sun-light Ale 
mixed with water, when heated and burned, afibrds a f 
with no other rays but yellow. Almost all salts comn 
cate to flames a peculiar color, as may be seen by introdu 
the powder of these salts into the exterior flame of a cai 
or into the wick of a spirit lamp. The following results 
tained by different authors, have been given by Mr. ] 
schel: — 
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3 of soda, Homogeneoot yeDoiF. 

potash, Pale violet 

lime, Brick red. 

strontia, Bright crimsoa. 

lithia, R^. 

baryta, Pale apple gxeen. 

copper, Bluish green. 

ding to Mr. Herschel the muriates succeed best on 

of tlieir volatility. 



CHAP. xvn. 

ON THE DOUBLE REFRACTION OF XJGRT. 

In the preceding chapters of this work it has always 
pposed, when treating of the refraction of light, either 
surfaces, lenses, or prisms, that the transparent or re- 
body had the same structure, the same tsmperature, 
same density in every part of it, and in every direc- 
which the ray could enter it Transparent bodies of 
i are gases, fluids, solid bodies, such as different kinds 
, formed by fusion, and slowly and equally cooled, and 
rous class of crystallized bodies, the form of whose 
e crystal is the cubCf the regular octohedronj and the 
'4al dodecahedron. When any of these bodies have 
e temperature and density, and are not subject to any 
;, a single pencil of light incident upon any single sur- 
them, perfectly plane, will be refracted into a single 
Lccording to the law of the sines explained in Qiap- 

most all other bodies, including salts and crystallized 
s not having the primitive forms above mentioned; 
bodies, such as hair, horn, shells, bones, lenses of ani- 
td elastic integuments ; vegetable bodies, such as cer- 
ves, stalks, and seeds ; and artificial bodies, such as 
rums, jellies, glasses quickly and unequally cooled, and 
lies having unequal density either from unequal tem- 
3 or unequal pressure; — in all such bodies a single 
)f light incident upon their surfaces will be refracted 
} different pencils, more or less inclined to one another, 
ig to the nature and state of the body, and according 
irection in which the pencil is incident The separa- 
the two pencils is sometimes very great, and in inost 
asily observed and measured ; but in other cases it is 

L2 
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not visible, and its existence is inferred only ftom cortain 
effects which could not arise except fhmi two refiracted pen- 
cils. The refraction of the two pencils is called double re- 
fraction, and the bodies which produce it are called doMf 
refracting bodies or crystals. ^ 

As the phenomena of double refraction were first disco?ered 
in a transparent mineral substance called Icdand spar^ eafeo- 
reoiu spar, or carbonate of limey and as this substance is ad* 
mirably fitted for exhibiting them, we shall be^n by ezjdaiii- 
ing the law of double refraction as it exists m this mineral 
Iceland spar is composed of 56 parts of lime, and 44 of car- 
bonic acid. It is found in almost all countries, in crystala of 
various shapes, and oflen in huge masses ; but, whether found 
in crystals or in masses, we can always cleave it or split it 
into siiapes like that represented in fig. 70., which is called a 

rhomb of Iceland spar, a solid bounded by 
six equal and similar rhomboidal sur&ceB^ 
whose sides are parallel, and trfaoBe andei 
B A C, A C D are lOP 55' and 78° ft', llie 
inclination of any face A B C D to m of 
the adjacent faces that meet at A is KX^f , 

and to any of the adjacent feces that meet 

B T> at X 74° 55'. The line A X, eaUed the 

«xu oftiie rhomb or of the crystal, is equally inclined to each 
of the six faces at an angle of 45° 23'. The angle between 
any of the three edges, BA, CA, EA, that meet at A, or of 
the three that meet at X, and the axis AX is 66° 44' 46", and 
the angle between any of the six edges and the fiicee is 118^ 
15' 14" and 66° 44' 46". 

(90.) Iceland spar is very transparent, and generally oolor- 
less. Its natural faces, when it is split, are commonly even 
and perfectly polished ; but when they are not so, we may, by 
a new cleavage, replace the imperfect face by a better one^ or 
we may grind and poli^ any imperfect face. 

Having procured a rhomb of Iceland spar like that in the 
figure, with smooth and well polished &ces, and so large that 
one of the edges A B is at least an inch long, place one of 
its faces upon a sheet of paper, having a black line MN 
drawn upon it, as shown in fig, 71. If we then look throngii 
the upper surface of the rhomb with the eye about R, we 
shall probably see the line M N double ; but if it is not, 
it will become double by turning the crystal a little round. 
Two line^ M N, win, will then be distinctly visible ; and 
upon turning the crystal round, preserving the same side 
always upon the paper, the two lines will coincide with one 
another, and appear to form one at two opposite points during 
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a whole revolution of the crystal ; and at two other opposite 
points, nearly at right angles to the fonner, the lines will be 
at their greatest distance. If we place a Uack spot at O, or 
a luminous aperture, such as a pin-hole in a wttfer, with light 
pa8Bing> through the hole, the spot or aperture will appear 
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iodUe^ as at O and E ; and by turning the crystal round as 
Idbre, the two images will be seen separate in all positions ; 
the one, £, revolving, as it were, round the other, O. 

Let a- lay or pencil of light, R r, fall upon the sur&ce of 
tiw ifaomb at r, it will be rSracted by the action of the sur- 
ftoe into two pencils, r O, r £, each of which, being again 
lefiracted at the second surface at the points O, E, wul move 
a the directions O o, E e, parallel to one another and to the 
inc^ent ray R r. The ray R r has therefore been doubly re- 
Jraeted by the rhombs 

If we now examine and measure the angle of refraction of 
the ray r O oorrespondinj? to different angks of incidence, we 
tUl find that, at QP of incidence, or a perpendicular inci- 
ieace, it suffers no refraction, but moves straight through the 
cryEtel in one unbroken line ; that at all other angles c? inci- 
mce the sine of the angle of refraction is to that of inci- 
dence as 1 to 1-654 ; and that the refracted ray is always in 
the same plane as that of the incident ray. Hence it is ob- 
that the ray r O is refracted according to the ordinary 
of refraction^ which we have already explained. If we 
examine in the same way the ray r £, we shall find that, 
at a perpendicular incidence, or one of 0*^, the angle of re- 
fiactxin, in place of being 0^, is actually G° 12' ; that at other 
incidences the angle of refraction is not such as to follow the 
eonstant ratio of the sines ; and, what is still more extraordi- 
nuy, that the refracted ray r E is bent to one side, and lies 
CDbrely out of the plane of incidence. Hence it follows that 
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Ae pencil r E ia refracted according W some new and extia- 
ordinttry law of refraction. The ray r O is therelbte cailei 
the ordinory ray, and r E the exlToordinarp ray. 

If we cause Die my R r 1o lie incident in various dififaient 
directions, eitlier on the natural laces of the rhomb or m 
6ceH cut and polinhed artificially, we sh&ll find that in Iceland 
spar there is one direction, namely, A X, along which, if the 
refracted pencil posses, it is not refracted into two pencils, a 
does not siifier double refraction. In other crystals there ue 
two such directions, forming' an angle with each otJier. la tliB 
former case the cryEstal ia said to have opis aiis of double re-l 
fraction, and in the latter case two axes of double refraction. 
These lines are called axes of double refraction, because the 
phenomena are related to thefle lines. In samo bodies there 
are certain planes, along which, if the refracted ray passes, it 
experiences ne double refraction. 

An axis of double refraction, however. Is not, like the ucii 
of the earth, a ficed line within the rhomb or crystal. It is 
only a fixed direction : for if we divide, as we can do, the 
riusib ABC, fig. 70., into two or more rhombs, each of these 
aeparote rhombs will have their axes of double refraction j tat 
when these rhombs are again put together, their axes wilnB. 
all parallel to A X. Every I me, therefore, witMn the ibeS 
parallel to A X, is an axis of double refraction ; but bb thert; 
lines have all one and the same direction in space, the crfstal 
is still said to have only one axis of double refraction. 

In making experiments with diflerent crystals, it is found 
that in some the extraordinary ray is refracted towarda tha 
axis A X, while in others it is refracted from the axit A X. 
In the first case the axis is caUed a positive axii of double 
refraclion, and in the second case a negative axit q/" dokife 
refraction. 

Oft Oryslidi with OTie Axis of DmMe Refraction. 

(91.) In eaimining the phenomena of double refraction m 
a great number of crystallized bodies, I found that all those 
crystals whose primitive or simplest form had only one xna 
of figure, or one pre-eminent line round which the figure wia. 
^nimetrtcal, had also one axis of double refraction ; and tlriit 
their axis of figure was also the axis of double refraction. The 
primitive forma which possess this property are as fijllows^— 

The rhomb with an obtuse summit 

The rhomb with an acute summit. 

The regular hexahedral prism. 

The octohedron with a square base. 

The right prism with a square boae. 
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I) The fbllowinff TaUe ooDtainB the aystals which bate 
JOB of double re&actioii, arranged mider their respecthre 
itive fermB, the sign + being prefixed to thoee that have 
toe double re&actum, and — to thoae that have negative 
erefiBction. 
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1. Rhomb with dbtuse nimmitt Jig. T2. 



rhonate of lime (Iceland 
jr. 

rbonate of lime and iron, 
rbonate of lime and mag- 
da. 

osphato-arseniate of lead, 
rbonate of zinc, 
trate of soda. 



— Phosphate of ]mL 
— ^Ruby silver. 
— Levjme. 
— Tourmaline. 
— Rubellite. 
— ^Alum stone. 
— Dioptase. 
— Quartz. 



2. Rhomb with acute eummit. Jig. 73. 



— Cinnabar. 

— ^Arseniate of copper. 



runduuL 

[>phire. 

by. 

3. Regular Hexahedral Priun, Jig. 74 



lerald. 

ryL 

asphate of lime (apatite). 



— ^Nepheline. 

— Arseniate of lead. 

-f Hydrate of magnesia. 



4. Octohedron loith a square base. Jig. 75. 

— Molybdate of lead. 

— Octohedrite. 

— ^Prussiate of potash. 



"con. 

ide of tin. 

ngstate of lime. 

illite. 



— Cyanide of mercury. 
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5. Right Prism toith a square base, fig, 76. 



— ^IdocTBse. 

— ^Wemerite. 

— ^Paranthine. 

— Meionite. 

— SomerviUite. 

— ^Edingtonite. 

— ^Arseniate of potash. 

— Sub-phosphate of potash. 

— Phosphate of ammonia and 



— Sulphate of nickel and cop* 

per. 
— ^Hydrate of strontia. 
-f Apophyllite of utoe. 
-f Oxahverite. 
-fSuperacetate of cq>perand 

lime. 
-fTitanite. 
-flee (certain crystals). 




magnesia. 

In all the preceding crystals, and in the primitive fimns to 
which they belong, the line A X is the axis of figure and of 
double refraction, or the only direction along wMch there is 
no double refraction. 

On the Law of Double Refraction in Crystals vnthTpne 

Negative Axis. f 

(93.) In order to give a familiar explanation of the law of 
Fig. 77. double refraction, let us suppose 

that a rhomb of Iceland spar is 
turned in a lathe to the form of 
a sphere, as shown in fig. 77., 
A X beinff the axis of both the 
rhomb and the sphere. 

If we now make a ray pass along 
the axis A X, after grinding or 
polishing a small flat surface at 
A and X, perpendicular to A X, we shall find that there is no 
double refraction ; the ordinary and extraordinary ray forming 
a single ray. Hence, 

The index of refraction along ) 1-654 for ordinary ray. 
the axis A X will be - ^ 1*654 for extraordinary ray. 



0*000 difference. 
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If we do the same at any point, a, about 45^ from the axifl^ 
we shall have 

The index of refraction along the Ime ^ 1'654 for ordinary ray. 
Rab O, which is nearly perpen- > 1-572 for extraordinary 
dicular to the fiice of the rhomb, 3 ray. 

0.082 difference. 

If we do the same at any point of the equator C D, in- 
chned 90^ to the axis, we shall have 

The index of refraction per- ) 1-654 for ordinary ray. 
pendicular to the axis, ^ l-^^ for extraordinary ray. 

0-171 difference. 

Hence it follows that the index of extraordinary refraction 
decreases from the axis A X to the equator C D, or to a line 
perpendicular to the axis, where it is the leajst The 
uklex of extraordinary refraction is the same at all equal 
angles with the axis A X ; and hence, in every part of a cir- 
cle described on the surface of the sphere round die pole A or 
X, the index of extraordinary refraction has the same value, 
and consequently the double refraction or separation of the 
rays will be the same. In crystals, therefore, with one axis 
of double refraction, the lines of equal double refraction are 
circles parallel to the equator or circle of greatest double 
refraction. 

The celebrated Huygens, to whom we owe the discovery 
of the law of double refraction in crystals with one axis, has 
^en the following method of determining the index of ex- 
traordinary refraction at any point of the sphere, when the 
my of light is incident in a plane passing through the axis of 
the crystal A X : — 

Let it be required, for example, to determine the index of 
refraction for the extraordinary ray Raft, Jig. 77., A X being 
the axis, and C D the equator of the crystal ; the ordinary 
index of refraction being known, and also the least extra- 
ordinary index of refraction, or that which takes place in the 
equator. In calcareous spar these numbers are 1*654 and 
L483. From O set off in the lines O C, O D continued, O c, 
rf, 80 that OCorODistoOcorOcias j,^jj is to 7.^*^3, 
or as -604 is to -674 ; and through the points A, c, X, d, draw 
ui ellipse, whose greater axis iacdj and whose lesser axis is 
A X. The radius O a of tlie ellipse will be what is called 
the reciprocal of the index of refraction at a ; and as we can 
find O «, either by projecting the ellipse on a large scale, or 
^ calculation, we have only to divide 1 by O a to have that 
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index. In the present case O a is *696, and .^ is equal to 
1-572, the index required. 

As the index of extraordinary refraction thns fi>und always 
diminishes from the pole A to the equator C D, and is always 
equal to the index of ordinary refraction minus another 
quantity depending on the difference hetween the radii .of the 
circle and those of the ellipse, the crystals in which this 
takes place may he properly said to have negative doable 
refraction. 

In order to determine the direction of the extraordinary 
refracted ray, when the plane of incidence is oblique to a 
plane passing through the axis, the process, either by projec* 
tion or calculation, is too troublesome to be given in an ele- 
mentary work. 

In every case the force which produces the double refrac- 
tion exerts itself as if it proceeded from the axia 

Every plane passing through the axis is called a principdi 
section of the crystal 

On the Law of Double Refraction in Crystals with one 

Positive Axis, 

(94.) Among the crystals best fitted &r exhibiting the 

phenomena of positive double refraction is rock crystal oi 

quartz, a mineral which is generally found in six-sidec 

Fig. 78. pi'isms, like Jig, 78., terminated with six-sided pyia' 

^ * mids, E, F. 
^^jK If we now grind down the summits A and X 

^j\ and replace them by faces well polished, and per 
pendicular to the axis A X ; and if we transmit i 
^ ray through these &ces, so that it may pass akn^ 
the axis A X, we shall find that there is no double 
refraction, and that the index of refiraction is ai 
•^ follows : — 

Index of refraction along ) 1*5494 for ordinary ray. 
the axis AX - - ^ 1-5484 for extraordinary ray 

0-0000 diflTerence. 

If we now transmit the ray perpendicularly through the 
parallel faces E F, which are inclined 38° 20' to the axis A X 
the plane of its incidence passing through A X, we shall 
obtain the following results : — 
Index of refraction perpen- i ^.^^ ^ ^. 

Se'Jj'ra^d - - - \ ^'^^ ®>' extraoKlinaiy ray. 

0-0060 difierence. 



W 
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In like manner, it will be found tlmt when the nj psflBes 
erpendicularly through the faces C D, perpendicular to the 
xis A X, the index of extraordinary refraction is the 
Teatest, viz. 

Index of refraction perpen- ^ -, taoa ^ -j- 

dicular to the fS^erof ^''^ ^ '''^'™!I•"'^• 
the prism C D - . ^ 1-5582 for extraordmary »y. 

0*0098 difference. 
Hence it appears that in quartz the index of extraordinary 
"efraction increases from the pole A to the equator C D, 
niiereas it diminished in calcareous spar, and the extraordi- 
lary ray appears to be dravm to the axis. 

In tins case the variation of the index of extraordinary 
refiraction will be represented by an ellipse, A c X </, whose 

greater axis coincides with the axis 
A X of double refraction, as in Jig. 
79., and O C will be to O c as y.^i^wr 

^^ to T.7717* ^^ ^ "^^^ ^ to '64ia 
By detemunm^, therefore, the radius 

O a of the ellipse for any ray R & a, 
and dividing 1 by it, we shall have 
the index (? extraordinary refraction 
for that ray. 

As the index of extraordinary refraction is always equal to 
flie index of ordinary refraction, plus another quantity de- 
pending on the difference between the radii of the circle and 
thp elbpse, the crystals in which this takes place may properly 
be said to have positive double refraction. 

On Crystals with two Axes of Double Refraction, 

(95.) The great variety of crystals, whether they are 
mineral bodies or chemical substances, have two axes of 
double refraction, or two directions inclined to each other 
along which the double re&action is nothing. This property 
of possessing two axes of double refraction I discovered in 
Iol5, and I found that it belonged to all the crystals which 
ire included in the prismatic system of Mohs, or whose 
primitive forms are, 

A right prism, base a rectangle. 
— ^^-^— base a rhomb. 

^ base an oblique parallelogram. 

Oblique prism, base a rectangle. 
■ base a rhomb. 

base an oblique parallelogram. 

Octohedron, base a rectangle. 
— — bass a rhomb. 

M 
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« 

In all these primitive forms there is not a single pi 
nent line or axis about which the figure is synmietrical. 

The following is a list of some of the most important 
tals, with their primitive forms according to Haiiy, and 
inclination of the two lines or axes along which there is 
double refraction: — 

Glauberite - - - 2° or 3° Oblique prism, base a rhomli| 

Nitrate of potash - 5° 20' Octohedron, base a rect 

Arragonite - - - 18 18 Octohedron, base a rect 

Sulphate of baryta - 37 42 Right prism, base a rectangial 

Mioa ----- 45 Right prism, base a rectangla 

Sulphate of lime - 60 « j ^^^^^"^ *" ""^"l 

Topaz - - - - 65 Octohedron, base a rectangle. 
Carbonate of potash 80 30 Prismatic system of Mobs. J 
Sulphate of iron - 00 Oblique prism, base a rhoml). .1 

In crystals with (yne axis of double refraction, the axis ins : 
the same position whatever be the color of the pencil of light , 
which is used ; but in crystals with two axes, the axes change 
their position according to the color of the light employed, to 
that ibe inclination of the two axes varies with differently 
colored rays. This discovery we owe to Mr. Herschel, wiw 
found that in tartrate of potash and soda (RocheUe salts) 
the inclination of the axis for violet light was about 56°» 
while in red light it was about 76°. In other crystals, such 
as nitref the inclination of the axes for the violet rays iB 
greater than for the red rays ; but in every case the line 
joining tlie extremity of the axes for all the different rays iB 
a straight line. 

in examining the properties of Glauberite, I found that i* 
had two axes for red light inclined about 5°, and only on(^ 
axis for violet light. 

It was at first supposed that in crystals with two axes, on^ 
of the rays was retracted according to the ordinary law of the? 
sines, and the other by an extraordinary law ; but Mr. Fresnel 
has shown that both the rays are refracted according to laws 
of extraordinary refraction. 

On Crystals with innumerable Axes of Double Refraction, 

(96.) In the various doubly refracting bodies hitherto men- 
tioned, tlie double refraction is related to one or more axes ; 
but I have found that in analchne there arc several planes, 
along which if the retracted ray passes, it will not suffer 
double refraction, however various be the directions in which 
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t IB incident Hence we may consider each of these planes 
us containing an infinite number of axes of double refiracticm, 
■r rather lines in which there is no double refiraction. When 
iie ray is incident in any other direction, so that the refracted 
tay is not in one of these planes, it is divided into two rays 
ifj double refraction. No other substance has yet been found 
possessing the same property. 

On Bodies to which Double Refraction may be comrnuniaUed 
by He€U, rapid Cooling, Pressure, and biduratiion. 

(97.) If we take a cylmder of glass, C D, Jig. 80., and 
t\g, 80. having brought it to a red heat, roll it vAoni^ a plate 
of metal upon its cylindrical sur&ce till it is cold, it 
will acquire a permanent doubly refracting struc- 
ture, and it will oecome a cylinder with one positive 
g. aans of double refraction, A X, coinciding with thie 
axis of the cylinder, and along which £ere is no 

Y double refracti(XL This axis differs from that in 
quartz, as it is a fixed line in the cylinder, while it 
is only a fixed direction in the quartz ; that is, any 
other line parallel to A X, fiff, 80., is not an axis df double 
refiictioD, but the double relraction alcHig that line increases 
ti it ajproaches the cux;umference of the cylinder. The 
double refiraction is a maximum in the direction C D, being 
flqnal in eveiy line perpendicular to the axis, and passing 
tlmxi^hit 

I( mstead of heating the glass cylinder, we had placed it 
in a vessel and surrounded it with boiling oil or boiling water, 
it would have acquired the very same doMy refracting struc- 
tnre when the heat bad reached the axis A X ; but this struc« 
tare is only transient, as it disappears when the cylinder is 
oniformly heated. 

If we had heated the cylinder uniformly in boiling oil, or at 
a fire, so as not to soften the glass, and had placed it in a cold 
fioid, it would have acquir^ a transient doubly refracting 
itmcture as before, when the coolinj^ had reached the axis 
AX; but its axis of double refraction A X will now be a 
negative one, like that of calcareous spar. 

Analogous structures may be produced by pressure and by 
the induration of soft solids, such as animal jellies, isinglass, &c. 
If the cylinder in the preceding explanation is not a circular 
qie, but has its section perpendicular to tlie axis everywhere 
an ellipse in place of a circle, it will have two axes of doublo 
refraction. 
In like manner, if we use rectangular plates of glass in- 
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stead of cylinders in the preceding experiments, we shall ha,vB 
plates with two planes of double refraction ; a positive struct 
ture being on one side of each plane, and a negative one oO 
the other. 

If we use perfect spheres, there will be axes of double re- 
fraction along every diameter, and consequently an infinite 
number of them. 

The crystalline lenses of almost all animals, whether thef 
are lenses, spheres, or spheroids, have one or more aacpfi cf 
double refracti(XL 

All these phenomena will be more fully explained when we 
treat of the colors produced by double renraction. 

On Substances toith Circular Double Refraction, 

(98.) When we transmit a pencil of li^t along the axis 
A X, Jig, 78., of a crysted of quartz, it suffers no doable re- 
fraction; but certain phenomena, which will be a^Brwards 
described, are seen along this axis, which induced M. Fremel 
to examine the light which passed along the axi& He found 
that it possessed a new kind of double refraction, and he dis- 
tinctly observed the refraction of the two pencils. This fiuid 
of double refraction has, from its properties, been called ctr- 
cular; and it is divided into two IdndBi— positive or right- 
handed, and Tiegative or left-handed. 

The following substances possess this remarkahle pio^ 
erty:— 

Positive Substances, Negative Substances. 

Rock crystal, certain speci- 
mens. 

Camphor. 

Oil of turpentine. 

Solution of camphor in al- 
cohol. 

Essential oil of laureL 

Vapor of turpentine. 

In examining this class of phenomena, I found that the 
amethyst possessed in the same crystal both the positive and 
the negative circular double refraction. This subject will be 
more Silly treated when we come to that of cir^dar poUar^ 
izalion,* 

* For tbe fnrmuls referring to certain of tbe articles of tbis and of tbe 
subsequent chapter, see (in tbe College edition,) Appendix of Am. ed., 
Chap. VI. 



Rock crystal, certain speci- 
mens. 
Concentrated ^rrup of sugar. 
E^Bsential oil of lemcm. 
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CHAP. xvnL 

ON THE POLARIZATION OF LIGHT. 

Ir we transmit a beam of the sun's light through a circular 
aperture into a dark room, and if we reflect it from any crys- 
tiDized or uncrystallized body, or transmit it through a thin 
phte of either of them, it will be reflected and transmitted in 
the Y^ same manner and with the same intensity, whether 
the sor&ce of the body is held above or below the h&an, or on 
the right side or left, or on any other side of it, provided that 
in all thiese cases it fidls upon the sur&ce in the same maimer ; 
or, what amounts to (he same thing, the beam of solar light 
has the same properties on all its sides; and this is true, 
whether it is white light as directly emitted from the sun, or 
whether it is red light, or light of any other color. 

l%e same property belong to light emitted &om a candle, 
or any burning or self-lummous l»dy, and all such light is 
called oommofi light A section of such a beun of light will 
be a ciicle, like A C B D, ^. 8L, and we shall distinguish 

tlg.SL 




the section of a beam of common light by a circle with two 
diameters, A B, C D, at right angles to each other. 

If we now aUow the same beam of light to fill upon a 
rhomb of Iceland spar, as in fig. 71., and examine the two 
circular beams O o, E e, formed by double refraction, we shall 
fi^ 

L That the beams O o, E e, have different properties on 
different sides ; so that each of them differs, in this respect, 
finom the beam of common light 

2. That the beam O o differs from E e in nothing, excepting 
that the former has the same properties at the sides A' and B' 
that the latter has at the sides C and D', as shown in Jig. 81. ; 
or, in general, that the diameters of the beam, at the extremi- 
ties of which the beam has similar properties, are at right 
angles to each other, w A' B' and C D\ tor example. 

M2 
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These two beams, O o, E c, fig. 81., are therefore said to 
be polarized, or to be beams of polarized light, because they 
have side9*or poles of different properties ; and planes passing 
through the lines A B, C D, or A' B', C D', are said to be the 
planes of polarization of each beam, because they have the 
fiame property, and one which no other plane passing throogfa 
the beam possessea 

Now, it is a curious &ct, that if we cause the two pdhurized 
beams O o, E e to be united into one, or if we produce them 
by a thin plate of Iceland spar, which is not capable p£ Bsptb' 
rating them, we obtain a beam which has exactly the same 
properties as the beam A B C D of common light : 

Hence we infer, that a beam of common light, A B C D, i 
consists of two beams of polarized li^ht, whose planes of po- 
larization, or whose diameters of similar properties, are at 
right angles to one another. If O o is laid upon E e, it 
will produce a figure like A B C D, and we, therefore^ re- 
present common light by such a figure. If we place O o 
above E 6, so that the planes of polarization A' B' and C I> 
coincide, then we shall have a beam of polarized light twice 
as luminous as either Oo or Ee, and bossessing exactly 
the same properties ; for the lines of similar property in the 
one beam coincide with the lines of similar property in the 
other. 

Hence it follows that there are three ways of converting a 
beam of common light, A B C D, into a befun or beams of po- 
larized light 

1. We may separate the beam of common light, A B C D, 
into its two component parts, O o and E e. 

2. We may turn round the planes of polarization, A B, C D, 
till they coincide or are parallel to each other. Or, 

3. We may absorb or stop one of the beams, and leave the 
other, which will consequently be in a state of polarization. 

The first of these methods of producing polarized light is 
that in which we employ a doubly refracting crystal, which 
we shall now consider. ^ 

On the Polarization of Light by Double Refraction, * 

(99.) When a beam of light sufiers double refiraction by 
a negative crystal, as Iceland spar, fig, 71., where the ray 
R r is incident in the plane of the principal section, or, what 
is the same thing, in a plane passing through the axis, the two 
pencils r O, r E are each polarized ; tiie plane of polarization 
of the ordinary ray, r O, coinciding with the principal section, 
and the plane cS polarization of the extraordinary ray, r E, being 
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Jt right angles to the principal section. In fig, 82., if O he 
□ade to denote a section of tlie ordinary heam r O, fi0, 71., E, 
be diameter of which is drawn at right angles to that of O, 
vill represent a section of the extraordinary beam r £. 



V^. 88* 



#^.88. 







If the beam of light R r is incident upon a positive crystal, 
like quartZj O oififf. 83., will be the symbol of the ordmary 
ny, and £ that of me extraordinary ray. 

The phenomena which arise from this opposite polarization 
cf the two pencils may be well seen in Iceknd spar. For this 
pnmose let A r X be the principal section of a rnomb of Ice- 
nu qmr, fig, 84., through the axis A X, and perpendicular 
! to one of the faces, and let A' F X' be a similar section of an- 
[ ether rhomb, all the lines of the one being parallel to all the 
1 ^nee of the other.* A ray of light, R r, incident perpendicu- 
1 hdy at r, will be divided into two pencils ; an orainary one. 

Fig. 64. F\g, 85. 






D X 

" £ 




ft. 
0« 



'A and an extraordinary one, r C. The ordinary ray Ming 
a the Bec^md crystal at G, again suffers ordinary refraction, 
ttd emerges at K an ordmary ray, O o, represented by the 
armbol O, fig. SSL In like manner the extraordinary ray, r C, 
IDiog on tiie second crystal at F, again snffcrs ex^aordinary 
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refraction, and emerges at H an extraordinary ray, E e^ 
sented by E, fig. 82. These results are exactly the same as i 
two crystals had formed a single crystal by being united at 
Bur&ces C X, A' G, either by natural cohesion or by a 

Let the upper crystal A X now remain fixed, with the 
ray R r falling upon it, and let the second crystal A' X' 
turned round 90°, so that its principal section is perpendia 
to that of the upper one, as shown in fig. 85. ; then the 
r D ordinarily refracted by the first rhomb will be extn 
narily refracted l^ the second, and the ray r C extraordii 
refracted by the first rhomb will be ordinarily refracted by 
second. 

The pencils or images formed from the ray R r, in the 
positions dhown in figs, 84. and 85., may be thus described i 
marked in the figures :-^ 

O is the pencil refracted ordinarily by the first rhomb. 
£ is the pencil refhu;ted extraordinarily by the first rhooik 
o is the pencil refracted ordinarily by the second rhomb, 
e is the pencil refracted extraordinarily by the leooMlf 
rhomb. ^ ' 

O o is the pencil refracted ordinarily by both rhoDibi B 
J^84. 

£ e is the pencil refiiicted extraordinarily by both ifaoohl 
in jf^. 84. 

O e is the pencil refracted ordinarily by the firsts and M* 
traordinarily by the second rhomb in Jig, 85. 

E is the pencil refracted extraordinarily by the first, and 
ordinarily by the second rhomb in fig. 85. 

In both the cases shown in figs. 84. and 85., when lh« 
pianos of the principal sections of the two rhombs are either 
parallel, as in fig. 84., or perpendicular to each other, as ia 
fig. 85., tlie lower rhomb is not capable of dividing into two 
any of the pencils which fall upon it ; but in every other iio- 
sition between tlie parallelism and the perpendicularity of the 
principal sections, each of the pencils formed by the first 
rhomb will bo divided into two by the second. 

In order to explain the appearances in all intermediate po- 
sitions, let us suppose that tJie ray R r proceeds from a round 
aperture, like one of the circles at A, fig. 86., and that the 
eye is placed behind the two rhombs at II K,fig. 84., «> as to see 
the images of this aperture. Let tlie two imajros shown at A, fig- 
86., be the appearance of the aperture at R, socu tiirough one cif 
the rhombs by an eye placed behind C l>,fig. t'l., t lion B,fi^. 86.* 
will represent the images seen tlirougli tlio two rhombs m the 
position in fig. 84., their distance bein^f doiiblod, from sufiering 
the same quantity of double refraction twic€\ If we now tuna 



mb, or that nearest Uie eye, from left to right. 
It imageB wiJl appear, as at C, between the two bright 




I be all equally lummoua, as at D ; 
: appear as at E ; and when Ihe second rhomb 

9 moved round 90°, as in ^g. S5., there will be only two 
images of equal brightness, as at F. Continumg to turn the 
Becuul rhomb, two faint imagea will appear, as acG; by a 
bitber rotaticm, they will be all equally bright, as at H ; 
brtlieT on they will become unequal, as at I ; and at 180° of 
remlntion, when the planes of the principal section are again 
puBllel, and the axee A X, A' X' at right anglca nearly to 
each other, all the images will coalesce into one bright image, 
IB at K, having double the brightness of either of those at A, 
Ot or F, and four tlmee the brightness of any one of the four 
itD&ndH. 

If we nowjbllow any one of the unages A, B from Ihe po- 
ntion m fig. 84., where tlie principal Bectitms are inclined 0° 
ta one another, to Ihe position in jig. 85., where it disappears 
It F, we shall find that its brightness diminidiea as tlie sijuare 
it the cosine of the angle formed by the principal sections, 
IVlule the brightness of any image, from its appearance be- 
tween B and C, fig. 86,, to its greatest brightness at F, in- 
:ret9ea as the square of the sine of the same an^le. 

Hj considering the preceding phenomena it wul appear, 
!lgU whenever Uie plane of polarization of a polarized ray, 
ffbetber ordinary or extraordinary, coincides with or is parallel 
Ib the principa] section, tlie ray will be retracted or(2iiuirt2y,- 
tod whenever the plane of pokrimtion is prrpendirular to 
itt principal section, it will be refracted exlraordmarili/. In 
iD intermediate positions it will suSerboth kinds of refraction, 
isd will be doubly refracted ; the ordinary pencil being the 
mglttest if the plane of polarization is nearer the position of 
U^elism than that of perpendicularity, and the extraordi- 
WT pencil the brightest if the plane of polarization is nearer 
ha position of perpendicularity tban tliat of paralleliaro. At 
qtnl distances from both these positions, the ordinary and ex- 
nordinary images are equally bright 
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(100.) It does not appear from the preceding ezpefbneohi 
that the polarization of the two pencils is the eroct of any ^ 
larizing force resident in the Iceland spar, or of any chni||l 
produced upon the light The Iceland spar has meray sep^ 
rated the common light into its two elements, according tot! 
different law, in tlie same manner as a prism separates aO 
the seven colors of the spectrum from the compound white 
beam by its power of refracting tlicse elementary colon it. 
different degree& The re-union of the two oppositely po- 
larized pencils produces common light, in the same manner ai 
the re-union of all the seven colors produces white light 

The method of producing polarized light by double refiao- 
tion is of all others the best, as we can procure by this meani 
from a given pencil of light a stronger polarized beam than il 
any other way. Through a thickness of three inches of ]» 
land spar we can obtain two separate beams of polarized ligbt 
one third of an inch in diameter ; and each of these beuM 
G^tains half the liffht of the original beam, excepting the 
small quantity of li^t lost by reflejdon and absorption. Bf 
sticking a bmck wafer on the spar opposite either of these 
beams, we can procure a polarized beam with its plane of po- 
larization either in the principal section or at right anglea to 
it In all experiments on this subject, the reader shook! n^ 
collect that every beam of polarized light, whether it u pn* 
duccd by the ordinary or the extraordinary refraction, or hy 
positive or negative crystals, has always the ^me propeitie% 
provided the plane of its polarization has the same directna 



CHAP. XIX * 

ON THE POLARIZATION OF LIGHT BT REFLEXION. 

(101.) In the year 1810, the celebrated French philosopher 
M. Malus, while looking through a prism of calcareous spar 
at the light of the setting sun reflected fVom the windows of 
tlie Luxembourg palace in Paris, was led to the curious dis* 
covery, that a beam of light reflected fVom glass at an angle 
of 56°, or from water at an angle of 53°, possessed the veiT 
same properties as one of the rays formed by a rhomb of cal- 
careous spar ; tliat is, tliat it was wholly polarized, having its 
plane of polarization coincident with or parallel to the plane 
of reflexion. 

*For the ibrmuls rclntinff to this chapter, see (in the CoUefe edition J 
Appendix of Am. ed., Chap. Yl, 
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•■■> Tlda most curious and important &ct, which ho fimnd to be 
tnie when the light was reflected from all other transparent 
. V opaque bodies, excepting metals, gave birth to all those di»- 
ooferies which have, in our own day, rendered this branch of 
faowledge one of the most interesting, as well as one of tlio 
BQBt perfect, of the physical sciences. 
• In order to explain this and the other discoveries of Malus, 
let CD, Jig. 87., be a tube of brass or wood, having at one end 
cf it a plate of glass. A, not quicksilvered, and capable of 

Fig.er. 





round an axis^ so that it may form di^rent angles 
axis of the tube. Let D G be a similar tube a little 
than the other, and carrying a similar plate of ^lass B. 
te tube D G is poshed into C D, we may, by tummg the 
or the other round, place the two gloss plates in any po- 
lilion in relation to one another. 

Let a beam of light, R r, from a candle or a hole in the 
IRDdow-shutter, fall upon the gloss plate A, at an angle of 5(3° 
4Ef; and let the glass be so placed tliat the reflected ray r 8 
paas abng the axis of the two tubes, and fall upon the 
d plate d^ glass B at the point s. If the ray r s falls 
the second plate B at an angle of 56° 45' also, and if tlio 
atitSisnoa from this plate, or the plane passing through 
ind f r, 18 at right angles to the plane of reflexion from 
fimt plate, or the plane passing through r R, r «, the ray r s 
' not nff^ reflexion m)m B, or wiU be so &int as to be 
laly vifluble. The very same thing will happen if r « is a 
fWuriied by double refractbn, and having its plane of po- 
Mlian in the plane passing through r R, r s. Here then 
IfKTB a new im^rty or test of polarized light, — that it 
Hot Mfite reflexion from a plate of glass B, when incident 
iWBf^ of &dP 45', and when the plane of incidence or re- 
1 U at rig^ angles to the plane of polarization of the 
If W9 now turn round the tube D G with the plate B, 
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without moving the tube C D, the last reflected ray « E mil 
beoomo briglHer axiii brighter till the tube has been tunwi 
round 90°, when the plane of reflexion from B is coincident 
with or parallel to that from A. In this position the reflecOd 
ray s E te brightest By continuing to turn the tube D G, thl 
ray s E becomes fainter luid inintor, till, after being turned 96* 
farther, the my s E is fkintest, or nearl; vanishes, which b^ 
peoH when (he plane of refleiiou from B ie perpendico]— '~ 
that from A. After a ferther rotation of 90°, the ray a I 
recover iia greatest brtghtnees; and when, by a still &.. ,— 
rotation oT £U°, the tube D G and plate B are brought back into 
tlieir first poaition, the ray s E will again diEappeai. tiism 
effects may be arranged in a table, as follows : — 



I 
I 



ngl« b<t»ee 


WlndlflOO . 


nflei betwee 


leoc-sndaTDo , 


ngl^betwe. 




neU.tel»eo 


OOsndOOo . . 



rMlyvi 



IT we DOW substitute in place of the ny rs one oT tbeg 
larized rays or beams tbrmed by Iceland spar, so (hat its fi 
of polarization is in tlie plane Rrs, it will experience ll 
very same changes as the lay R r does when polarized hf A 
flexion from A at nn angle of 56° 45', Hence it ia :r-— "^ 
that n ray reflected at 56° 43' from glass has all tlie pi 
of polariaed light as produced by double refraction. 

(1(H.) In the preceding observations, the niyRr'lil'l 
poaed lo he reflected only from the first surface of UlftJ^ 
out Mains found that tlie light reflected from the GecCl 

fecB of the glass was pdarized at tbo same time with tl 

fleeted from Iho first, although it obviously sufiera reSexitaiil 
B difierent angle, viz. at an angle equal to tlie angle of refit 
tion at the first surface. 

The angle of 50° 45', at which light is polarized by H 
flexion from glass, is called its maximum polarizing angle, h 
cansB the greatest quantity of light is polarized at " ' "* 
When the light was reflected at angles greater o 
50° 45', Malus found that a portion of it only Wfts polar 
the remaining portion possessing nil the properties ofcaotua 
light. The polarizeil portion diminislied as the ang:le rfjp^ 
dence recedeil on oitlier side from 56° 4^', and was notldiig H 
0°, ora perpendjcular incidence, and also nothing at 90%d 
the moBt oblique incidence. 
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b ctmtimiiDf his experiments ax this subject, Malus found 
that the angle of maAinimn polarization vaned with diiTerent 
bodies ; ami, BJler measuring it in various substances, lie con- 
cluded thai it foUotus Tieither the irder of the refiactive 
powert nor that of the dispersive poaers, btit that it is a prop- 
trig of bodies independent oftlie other modes of action which 
thai exercise upon Itffhl. Ailer he had det«rtnined the angles 
muer which complete polarization takes place in different 
hdies, such as glass and water, be endeavored to ascertain the 
Ugle at which it took place at their separating' sur&ces when 
th^ were put in contncL In this Inquiry, however, he did 
Bat Hucceed; and he remarks, "tliat the law according to 
which this last pigle depends on the lirst two remains to be 
determined." 

If a pencil or beam of light reflected at the maximum po- 
luidng angle from glass and other bodies were aa completely 
pdaiised as a pencil polarised by double refraction, then the 
two pencils would have been equally invisible when reflected 
from the second plate, B, at the azunuths 00° and 270^ ; but 
ttiis is not the case : tJie pencil polarized by double relracticti 
voauAe* entirely when it passes through a second rhomb, even 
if it is a beam of the sun's direct Ikht ; whereas the pencil 
fobxrzed by reflexion vanishes only if Its light Is faint, and if 
Ifw plates A and B have a low dispersive power. When Ihe 
■qo'b light is used, there is a large quantity of unpolarized 
light, and tliis unpokirized light is greatly increased when the 
[Utee A and B have a high dispersive power. This curious 
and most important fact was not observed by Mains. 

A very pleasing and instructive variation of tho general ex- 
periment shown m Jig. 87. occurred to me in examining this 
■nllleet. If, when the plates of glass A and B have the paaitton 
Aown in the figure where the luminous body from which the r^ 
( S proceeds is invisible, we breathe genl!y upon tlic plate B, 
tira ray t E will be recovered, and the luminous body from 
which it proceeds will be instantly visible. The cause of this 
ia obvious : a thin film of water is deposited upon the glass by 
berthing, and as water polarizes light at an angle of about 
88° 11', the gla^ B should have been inclbed at an angle of 
88" 11' to the ray r s, in order to be incapable of reflecting the 
|»lBTizcd ray ;* but as it is inclined 50° 45' to the incident tay 
r», it has the power of reflecting a portion of the ray r». 

IT the glass B ia now placed at an angle of 53° 11' to ths 
»y r », it will then reflect a portion of tlie poiariied ray r s to 
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the eye at £ ; but if we breathe upon the g]am B, the le- 
flected light will disappear, because the reflecting 8urfiu» ii 
now water, and is placed at an angle of 53^ 11', the polarisnr 
angle for water. If therefore we place two glass plates at $ 
the one inclined 56° 45', and the other 8SP 11', to the beoa 
r «, sufficiently large to fall upon both, the luminous object 
will be visible in the one but not in the other; but if wo 
breathe upon the two plates, we shall exhibit the paiadai cf 
reviving an invisible image, and extinguishing a visible one 
by the same breath. This experiment will be more sthkiiv 
if the ray r « is polarized by double refraction. 

On the Law of the Polarization of Light by Reflexion, 

(103.) From a very extensive series of experiments node 
to determine the maximum polarizing angles of variouB bodio^ 
both solid and fluid, I was led, in 1814, to the following simple 
law of the phenomena : — 

The index of reaction is the tangent of the angle of ffh 
larization. 

In order to explain this law, and to show how to find the 
polarizing aufiie for any body whose index of refraction k 
known, let M N be the surface of any transparent body, each 
as water. From any point, r, draw r A perpendicular to MN, 
Fig. 88. jig* 88., and round r as a centre de- 

scribe a circle, M A N D. From A 
draw A F, touching the circle at A, 
and from any scale on which A r is 1 
or 10 set off A F equal to 1-336 or 
13*36, the index of refraction for water. 
From F draw F r, which will be the 
incident ray that will be polarized by 
reflexion from the water in the direc- 
tion r S. The angle A r R will be 
53° 11', or the angle of maximum polarization for water. 
This angle may be obtained more readily by looking for 1*336 
in the column of natural tangents in a book of logarithiDS, 
and there will be found opposite to it the corresponding and^e 
of 53° 11'. If we calculate the angle of refraction T rD, 
corresponding to the angle of incidence A r R, or determine 
it by projection, we shall find it to be 36° 49'. 

From the preceding law we may draw the following con- 
clusions : — 

1. The maximum polarizing angle, for all substances what- 
ever, is the complement of the angle of refraction. Thus, in 
water, the complement of 36° 49' is 53° 11', the polarizing 
angle. 
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2. At the pokuizmg* angle, the Bum of the angles of inci- 
dmce and refraction is a right angle, or 90^. Thua^ in water, 
the angle oi incidence is 53^ II', and that of refraction 96^ 
19*, aiS their sum is 90^. 

9L When a ray of light, R r, is polarized by reflenco, the re- 
flected ny; r S, forms a rif^ht angle with the refracted ray, r T. 
When light is reflected at the second surfiice of bodies, the 
kw of polimzation is as follows : — 

The index of refraction is the cotangent of the angle of 
poUtrization. 

In order to determine the angle in this case, let M N be the 
aeoQod surface of any body sudi as water. From r draw r A 
Kg. 80. perpendicular to M N, Jig. 69., and 

round r describe the circle M A N D. 
From A draw A F, touching the circle 
at A, and upon a scale in whidi r N is 1 
take A F equal to -7485, that is to -^.^^ 
the reciprocal of the index of refraction,* 
and from F draw F r ,« the ray R r will be 
polarized when reflected in the direction 
rS. The maximum polarizing angle 
A r R will be 36^ 49', exactly equal to 
the uijric of refraction of the first sur&ce. Hence it follows, 
L TbaX the polarizing angle at the second surfiice of bodies 
ii e^ml to the complement oif the polarizing angle at the first, 
or to the angle of refiraction at the first sumce. The reason 
ifl^ therefore, obvious why the portions of a beam of light re- 
flected at the first and second surfiuses of a transparent parallel 
phte are simultaneously polarized. 

2, That the angle which the reflected ray r S forms with 
die refracted ray r T is a right angle. 
, TTue laws of polarization now ejmlained are appUcaUe to 
the separating surfaces of two media of different refractive 
powera If the uppermost fluid is water, and the undermost 
f^iasB, then the index of refraction of their separating surfiice 
IB equal to y!||f , to the greater mdex divided by the lesser, 
whicn is 1*1415. By using this index it will be found that the 
pahrizmg angle is 48'> 47'. 

"Wlien the ray moves from the less refiractive substance 
mto the greater, as from water to glass, as in the preceding 
case, we must make use of the law and the method above ex- 
plained for the fast surface <^ bodies; but when the ray 
moves fix»n the greater refractive body into the less, as from 
oil of cassia to ^ass, we must use the law and method for the 

$eeond tna&ce of bodie& 

»■ ■ * 

,^Ttm taiifBiit of an angle to radius 1, ii the reciprocal of the cotangent. 
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If we lav a parallel stratum of water upon glass whose 
index of rennction is 1*508, the ray reflected from the refract- 
ing gui^Lces will be polarized when the angle of inddence 
upon the first surface of the water is 90^ 

(104.^ The preceding observations are all applicable to 
wlute light, or to the most luminous rays of the iqiectrom; 
but, as every difl^ent color has a different index of refinction, 
the law enables us to determine the an^le of polarization fir 
eyery di^rent color, as in the fi>llowmg table, where it k 
supposed that the most luminous ray of xhe spectrum is tba 
mean ooe.' — 



Water 



'Red rays 



Mean rays 

Violet rays 

k Red rays 

PuLTB Glass J Mean rays 

I Violet rays 

C Red rays 

Oil of Cassli •^ Mean rays 

_ f Violet rays 



ladez or 



530 4' 
33653 11 



•34253 



1-330 

1 

1 

1-515 

1*525156 

1*535|56 

1-597 

1-642 

1-687 



Folariibv 



19 

56 34 
45 
55 

57 57 

58 40 

59 21 






91' 
10 24' 



The circumstance of the different rays of the spectnn 
being polarized at different angles, enables us to explain the 
existence of unpolarized light at the maximum polariiing 
angle, or why the ray » E, in Jig, 87., never wholly yaniriwa 
If we were to use red light, and set the two plates at ang^of 
560 34', the polarizing angle offflass for red Ii^ht, then thepeo* 
cil a E would vanish entirely. But when the light is toAttte, and 
the angle at which the plates are set is 56o 45', or that which 
belongs to mean or yellow rays, then it is only Uie yMiw rays 
that will vanish in the pencil a E. A small pcnlion tit red and 
a small portion of violet will be reflected, because the glasses 
are not set at their polarizing angles; and the mixture of 
these two colors will produce a purple color, which will be 
that of the unpolarized h^ai which remains in the pencil t K 
If we place the plates at the angle belonging to the red ny, 
then the red only will vanish, and the color (k the unpo* 
larized light will be bluish green. If we place the plates at 
the angle corresponding with the blue light, then the blue 
only wul vanish, and the unpolarized light will be of a reddiA 
cast In oil of cassia, diamond, chromate of lead, realgar, 
specular iron, and other highly dispersive substances^ the color 
of the unpolarized li^ht is extremely brilliant and beauti^ 

Certain doubly redacting crystals, such as Iceland sport 
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chmmaie of Uad^ &c., have difierent polariiing angles on di& 
ferent surmces, and in different directioiur on the flame aur- 
fiuse ; but there is always one direction where the polariza- 
tioQ is not afifected by the doubly refractinff fiirce, or where 
the tangent of the polarizing angle is equu to the index of 
Qidinary refraction. 

Or the partial Pdarixatkn oflAght by Reflexion, 

(10&.) J{, in the apparatus in Jig, 87., we make the ny Rr 
ftn upon the plate A at an angle greater or fen than 909 4&'y 
then the my s E will not yamsh entirely ; bat, as a ooniider- 
ilile part (£ it will vanish like polarized light, Malus called it 
paraaUy oolarized light, and considered it as composed of a 
portioa of light perfectly polarized, and of another portico in 
the state of common light He found the quantity of polar- 
ized lipfat to diminish as the angle of incidence receded from 
that or maximum polarization. 

M. Biot and M. Arago also maintained that partially polar- 
ized light consisted putly of polarized and partly of common 
light; and the latter announced that, at regular angular dis- 
tanoes above and below the maximum polarizing angle, the 
ndeeted pencil contained the same proportion of polarized 
jttlit In SL OobitCs glass he found that the same pnq[Kurtion 
« liflfat was polarized at an angle of incidence of 82^ 48' as 
It 34° 18' ; in tooter he found that the same proportion was 
rohriied at 16<) 12' as at m<^ 31' ; but he remarks, ''that the 
Whematical law which connects the value of the quantity of 
polviied light with the angle of incidence and the refractive 
power of the body has not yet been discovered." 
hi the investigation dT this subject, I found that though 
- there was only one an^le at which light could be completdy 
^ foiuiied by one reflexion, yet it might be polarized at any 
f^^BiJB of incidence by a sufficient number qf r^xions, as 
Hwa in the following Table. 
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In polarking light by aucccffliva reflexions, it ia not 
sarj that the reflexions be performed at the aame aii^l 
Some of them may be above and some below tlie polariiii_ 
angle, or all the reflexions may be perlbrmed at difibrod 

From the preceding facts it foUows as a necessary conse- 
quence, that partially polarized light, or light reflect^ M an 
angle different troin the polarizing angle, has aufiered a phyai- 
raTchangB, which enables it to be more easily polarizen oj " 
subsequent reflexion. The light, lor example, which remUD 
unpokrized after five reflexions at 70°, in place of being «r 
moD light, has sufFered such a physical change that it is <^J1* 
ble of being completely polarized by one reflexion more at Til''- 

This view of the Eubject hna been rejected by M. Arago, u 
' incompatible with experiments and speculations of his own; 
and, in estimating the value of the two opinioos, Mr. Hersohel 
has rejected mine as the least probable. It will be seen, how- 
ever, from the folbwbg facts, that it is capable of the — * 
rigorous demonstration. 

It does not appear, from the preceding inquiries, how a 
<^ common light is converted into polarized light by reflexiok 
By a series of experiments made in 1829, I have been able to 
remove this difficulty. It has been long known that a poll* 
ixed beam of light has its plane of polarization changed by t 
Sexion trom bodies. If its plane ia inclined 45° to the fbu 
of reflexion, its inclination will be dimbisbed by a refloxnn 
80°, still more by one at 70°, still more by one at 60' ; (Wd 
the polarizing angle the plane of the polarized ray will be 
the plane of reflexion, the inclination conmiencing afain 
reflexions above the polarizing ang;le, and increasing tiU HtlK 
or a perpendicular incidence, the mclination is agaui 45^.* 



tv conceived a beam of comnionjight, constituted as in_^ 
., to be incident on a reflecting surface, so that the planSI 



reflexion bisected the angle of 90° which tlic two 
poltttization, A B, C D, formed with each other, 
fig. SO.. Pjo. 1., where M N is tJic plane of r 
A B, CD the planes of polarijatlon of the beam <£ 
light, each inclmed 45° to M N. B; a reflexion from ^u^ 
where the index of refraction is 1-535, at 80°, the incliuticB 
of A B to M N will be 33° 13', as in Na 2., instead of ASfi; 
and in like manner the inclination of C D to M N will betS*^ 
13', in place of 45° ; so that the inclination of A B to C D ■ 



ofllu inttliiilian n 



McMineof'itnlBtler, and ibequotieiil will ba ilnf 
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, OS in No. 2. At an incideiice of 6t 
liM ioctiimtiaa of A B to C D will be 25° Sff, aa in Na a ; 
d Bt the polarizing angle of 66° 45' the planes A B, C D of 
- • — ^leama will be parallel or coincident, aa in No. 4. At 
IS below 56° ^' the planes will again open, and their 




if 65° ' 

aa; 
Dof 
. At 
..... their 

(Dm 



inclination will increase til! ct 0° of incidence it is 
So. 1^ having been 25° 36' at an incidence of ahout 48° 15', 
•• in No. a, and B6° 26' at an incidence of about 30°, as in 
No. 3. 

In the process now described, we aee (he manner in which 
onmnon light, as in Na 1., ie converted into poloTized tight, 
u in No. I., by the action of a reflecting simace. Each of 
the two planes of ila component polarized beams is turned 
nnrnd into a elate of pBrallelism, bo as ta be a beam with only 
one plane of polarization, as in No, 4. ; a mode of polariza- 
tion eesenliaUy different in its nalure ftom that of double re- 
fttcUod. The numbers in Jig. 90. present ub with beams of 
tMlt in different itagei ofpolariialion Irom common light in 
NOl L to polanzed light m No. 4. In No. 2. the beam has 
mide a certain approach to polarimtion, having suffered a 

Riical change in the inclination ot its planes; and in No. a 
■B made a nearer approach to it. Hence we discover the 
wbole mystery of partial pularitalion, and we see tlial par- 
tiallg polarized light is hght whose, planet of polarization 
art inclined at angles less than 90° and greater than 0°. 
TOe influence of succesEive reflexions is therefore obvious. A 
leflexioo at 80° will lum the planes, as in _fig. 90., No. 2. ; 
another reHexion at 80° will brmg them closer ; a third still 
ckBier ; and so on : and though they never can by this process 
ba Uought into a state of exact paiaUelism. aa in No. 4. 

Sihicfa can only be done at the polarizing angle), yet they can 
tnought infliiitely near it, so that the b^n will appear as 
ccmpielelv polarized as if it had been reflected at the polar- 
itiog angle. The correctness of my fbnner experitnenls and 
fiewB is. therefore, dentonstiated by the precedbg analysis of 
eaoman light. 
Il i* manifest from these views that partially polarized light 
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does not contain a single ray qf oompUtelv polarized Ugh; 

and yet if we reflect it from the second plate B, in ^. 87^ 
at the polarizing angle, a certain pcntion of it will disappeir 
as if it were polarizer %ht, a repDlt which led to the misteks 
of Mains and others. The ligl^ which thus disappears may 
he called apparently polarizedlight ; and I have explained in 
another place'" how we may determine its quantity at aoT 
angle of incidence, and for any refractive medium. The ii^ 
lowing Tahle contains some of the results for glass, whose in- 
dex of refraction is 1*525. The quantiQr of reflected light is 
calculated by a rule given by M. Fresnef. 
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CHAP. XX. 

ON THE POLARIZATION OF LIOHT BV ORDINARY REFRACTION. 

(106.) Althouoh it might have been presumed that the 
light refracted by bodies suffered some change, corresponding 
to that which it receives from reflexion, yet it was not untu 
1811 that it was discovered that the refiracted portion of the 
beam contained a portion of polarized light.f 

To explain this property of light, let R r, fig. 91., be a 
beam of fight incident at a great angle, between §0° and 90°, 
on a horizontal plate of glass, Na 1. ; a portion of it wiU be 
reflected at its two surfaces, r and a, and the refracted beam 
a is found to contain a small portion of polarized light 

If this beam a falls upon a second plate. No. 2., parallel 
to the first, it will sufier two reflexions; and the refracted 
pencil b will contain more polarized light than a. In like 
manner, by transmitting it through the pktes Nos. 3, 4^ 6^ and 

*See Phil. Transactiotu, 1830, p. 76., or Edinburgh Journal «f SdmMt 
New Series, No. V., p. 160. 

t Thii discoFery was made by independent observation by Maluf, BtoC, 
and tbe autlior of this work. 
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e last re&acted pencil, fg, will be found lo consist entirely, 
r aa the eye can Judge, of polarized light Bui, what is 
iateresting', the beam fg is not polarized in the plane of 
"•'-n or reflexion, but in a plane at ri^t angles to it ; 
.lb plane of polarization is not repreeenUKl by A' B* 




s the ordinary ray in Iceland spar, or aa light 
ized by refiejdon, but by C D' like the extraordinary 
a Iceland spar. Prom a great number of experimented 
od iliat Uie light of a wax candle at the distance of 10 
" ■ la potoiied at the following angles, by the fol- 
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g number of platea of c 
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■f^lSl." 


TEi^^' 
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"tS-^.'.°¥^ 
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16 
31 
S4 


74 

63 31 
60 8 


31 
35 
41 

47 


53 38 

50 5 
45 35 
41 41 



fblloWB from Ihe above experiments, that if we diside the 
ler 41*94 by any number ot crown glnss plates, we eiiall 
the tangent of tiie angle at which the beam is polarized 
•t number. 

mee it is obvious that the power of polarizing the re- 
ad light increases with the angle of incidence, being no- 
' or a minimum ftt a perpendicular incidence, or (1°, end 
rreatest possible or a maximum at 90° of incidence. I 
\ likewise, by various experiments, that the power of po- 
ng the light at any given angle increased willi Ihe re- 
,ve power of the body, and consequently that a smaller 
wr of plates of a highly refracting body was necessaiy 
of tt tefrocting body of low power, the angle of incidence 
; the aame. 

MalUB, Biot, and Arago considered the beams a, b, Ac, 
Btbey were completely polariied, as yortioUyjioIariieiJ, 
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and as consistiiig of a portion of polarized and a partioii of 
unpolarized light ; so, on the other hand, I concluded fiocD the 
following reasoning that the unpolarized light had a ufl ered a 
physical change, which made it approach to the state of oonh 
plate polarization. For since sixteen plates are required Ib 
polarize completely a beam of light incident at an an^'ef 
69°, it is clear diat eight plates will not polarize the wfade 
beam at the same angle, but will leave a porticm unpo imML 
Now, if this portion were absolutely unpolarized like oommon 
light, it would require to pass throu^ other sixteen platoi^ at 
an angle of 69°, in order to be completely polarized ; bat the 
truth is, that it requires to pass through only eiffht plates to 
be completely polarized. Hence I conclude tnat ue beam hn 
been nearly half polarized by the first eight plates, and the 
polarization completed by the other eig^t This ooncloeiQBi 
though rejected by both tne French and English philoeophan^ 
is capable of xi^id demonstration, as will appear &am the Al- 
lowing observations. 

In order to determine the change which refraction jnodnced 
in the plane of polarization of a polarized ray, I useid prisms 
and plates of glass, plajtes of water, and a plate of a h^gmy re- 
fractive metalline gules ; and I found that a refiractinff sarfiioe 
produced the greatest change at the most oblique incmence,Qr 
that of 90° ; and that the change gradually diminished to a 
perpendicular incidence, or 0°, where it was nothing. I found 
also that the greatest e^ct produced by a single plate cXf glass 
was about 16^ 39^, at an angle of 86° ; that it was 3° 54' at an 
angle of 55°, 1° 12' at an angle of 35°, and 0° at an angle 
of 0°.* 

A beam of common light, therefore, constituted as in Jtg. 
92., Na 1., with each of its planes A B, C D inclined 45^ to 

Xo.l. No. 2. No. 3. No. 4. 



the plane of refraction, will have these planes opened 16^ 80^ 

"■The rule for finding the inclination after a single reflraction ia aa Ibl* 
Iowa:— Find the difi!erence between the angles of incidence and reAmetioa, 
and take the cosine of this difference. This number will be the coUDgaat 
of the inclination required ; and twice tbia inclination will bo Clw iaellna- 
tioaof ABtoCD. 
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di, by (neptate cf glav at an iDcideoce of BB"; that is, 
eir indiiMtun, in d&m cf 90°, will be 12S° IB', aa in Nol 

By the acticn of two or three platee more tbey will be 
ened wider, uinNo.8.; BndIi;7oi8 plates they will be 
caied to near 180°, or fpo that A B, C D neuiy comcide, bb 
Nol 4^ bo as to fiinn a angle pokriced beam, wlioee plane 
' polaiiiatioo is perpendicDlar to the plane (^ reflection. I 
m duwn, in another place,* that these planes can never be 
Do^lit into mathematical coincidence hj an; number or re- 
■BtmiBi but tb^ wroach ao near to it that the pencil ia, to 
i appearaacei completelj polarized with lights of ordinary 
■ei^ith. All the light polarized by refraction is onl; par- 
tly polarized, and it has the mme propertiea aa that which 

nitially polarized by TefUxirm. A certain portion of the 
^t of a beam thus pertially polarized, will dieappear when 
fleeted at the polariziiuf angle from the plate B, fig. &7. ; 
d this qoantitj, which 1 have elsenbere wown how to cal- 
llate, is given in the following table for a tingle surface ot 
aas, whose index of refraction is 1'525. 
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Altboo^ the quantity of light polarized by refraction, aa 
Ten in the last column of this Table, is calculated by a 
rmola eseeatially difibrent from that by which the (jimntit; 
' light ptdarized by reflexion was calculated ; yet it is co- 
ns to see that the two quantities are precisely equoJ. Hence 
B obtain the following law : — 

When a ray <ffcummtm light it reflected and r^frar-led by 
Of tvrface, the qvatttity of light polarized by reaction is 
!meth/ equ^ to Utat polarized Im reflexion. 
This law is not at all applicame to plates, as it appeared to 
I &m the experiments of M. Arago. 

When the preceding method of analysia is applied to the 
rfit reflected by tiie second sur&ces of plates, we obtain the 
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tslaw:- 



w B«i«, No. VI., v- il8. 



■. lew, p. 137., I 



S*M»rgk ywnMt if Si 
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UwmparetU jiaUs^ and remeAmf the Ofe ttfUr 
iiomtmdmiintermeiUUerelkxumjeanimmtatd 
ituniefiee, from OP to the maximmn ftOarizmf m 
tiam ofUgkt fdarixed in the fiUme of re^exum. 
poUrixing angU^ the part of the peneU poUt 
plane of reflexion diminishes^ tiU the incidence i 
T in glass, when it disappears, and the whole pe 
character ofcofmmon light. Above this last ang\ 
contains a quantity of light polarized perpendicu 
jiane of reflexion, which increases to a maximu 
dimifMies to nothing at 90^."" 

f 1Q7.) Ab a bundle of glass plates acts upon li 
linies It as e^ctually as reflexion from the sarf 
at the polarizing angle, we may sabstitnte a bun 
plates in ^e apparatus, Jig, 87., in place of the pi 
A,B. Thus, if A OS^. 93.) is a bundle of glass ] 




polariies the transmitted ray s t, then, if the secc 
IS placed as in the figure, with the planes <^ refi* 
plates parallel to the planes of refraction of the 
the ray 1 1 will penetrate the second bundle ; am 
cident on B at the polarizin^angle, not a ray of i 
fleeted by the plates of R if B is now turned re 
the transmitted lijpht v w will gradually diminisl 
and more light wfll be reflected by the plates of 
till, after a rotation of 00^, the ray v w will disap 
the light will be reflected. By continuing to tu 
the ray v lo will re-appear, and reach its maximu] 
at 180*^, its minimum at 270^, and its maximun 
having made one complete revolution. 

By this apparatus we may perform the very s 
ments with refracted polarized light that we did w 
polarized light in the apparatus of ^. 87. 

We have now described t^'o methods of conv 
mon li^ht into polarized light : 1st, By separatin 
refraction the two oppositely polarized beams whic 
common light ; and, 2dly, By turning round, by tl 

*aae PAil. Trwu. 1830. p. li&i or Eiimkmrgh Jnumml^St 
p. 8M. New SeiNS. 
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nOeeHiag and refractiiigr fiirces, the jplanes of both these 
nB till they coincide, am thas form li^ pohuriaed in one 
[ llui6. Another method still remains to Iw noticed ; namely, 
'^ dopeise or absorb one of the qipositely polarized beams 
constitate common light, and leave the other beam po- 
l in one plane. These efibcts may be produced by agate 
'ad tourmaline, &c 

(106L) If we transmit a beam of common lisht through a 
|hte of a^te, one of the oppositely polarized beams will be 
Uferted mto a nebulous light in one position, and the other 
|oluixed beam in another position, so that one of the polar- 
md beams with a single plane of polarization is left The 
■ine effect may be produced by Iceland spar, arragonite, and 
'artificial salts prepared in a particular manner, to produce a 
dapgraian of one of the oppositely polarized beams.* 

When we transmit common light through a thin plate of 
iMTMcitiie, one of the oppositely polarized beams which con- 
Kitnte common light is entirely absorbed in one position, and 
the other in another position, one of them always remaining 
with a single plane of polarization. 

Hence, plates ci agate and tourmaline are of great use, 
either in aflfording a beam of light polarized in one plane, or 
in dii^KTsing and absorbing one of the pencils of a compound 
bam, when we wish to amdyze it, or to examine the color or 
popoties of one of the pencils seen separately. 



CHAP. XXL 

ON THE OOLOBS OF CRYflTALUZED PLATES IN 
POLARIZED UGBT. 

(100.) The splendid colors, and systems of colored rings, 
produced by transmitting polarized light through transparent 
bodies that possess double refraction, are undoubtedly the most 
brilUant phenomena that can be exhibited. The colors pro- 
doced by these bodies were first discovered by independent 
observation, by M. Arago and the author of this volume ; and 
they have been studi^ with great success by M. Biot and 
other authors. 

In order to exhibit these phenomena, let a polarizing ap- 
panftos be prepared, similar in its nature to that in Jig. 87. ; 
out without the tubes* as shown in fig, 94., where A is a plate 

r *8ae SMnMmrvk EneyelopMUa, vol. xv. pp. 600, 601.; PkiL Trans. 1819, 
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of glass which polarizes the ray R r, incident upon it a1 
an^e of 56° 45', and reflects it polarized in th6 direction 
where it is received by a second plate of glass, B, whose p! 
of reflexion is at right angles to that of the plate A, 
which reflects it to the eye at O, at an angle of 56° 45'. 

Fig. 94. 





order that the polarized pencil r s may be sufficiently brilli 
ten or twelve plates of window glass, or, what is be 
still, of thin and well-annealed flint glass, should be sul 
tuted in place of the single plate A. The plate or platet 
A are called the polarizing plates, because their only ua 
to furnish us with a broad and bright beam of polarized li| 
The plate B is called the analyzing plate, because its usu 
to aiudyze, or separate into its parts, the light transmit 
through any body that may be placed between the eye and 
polarizing plate. 

If the beam of light R r proceeds from the sky, which ' 
answer well enough for common purposes, then an eye pla 
at O will see, in the direction O s, the part of the sky f 
which the beam R r proceeds. But as r s will be polari 
light if it is reflected at 56° 45' from A, almost none of it ' 
be reflected to the eye at O from the plate B ; that is, the 
at O will see, upon the part of the sky from which R r ] 
ceeds, a black spot ; and when it does not see this black s 
it is a proof that the plates A and B are not placed at 
proper inclinations to each other. When a position is foe 
either by moving A or B, or both, at which the black spo 
darkest, the apparatus is properly adjusted. 

(110.) Having procured a thin film of sulphate of lime 
mica, between the 20th and the 60th of an inch thick, 
which may be split by a fine knife or lancet from a mass 
any of these minerals in a transparent state, expose it, 
shown at C E D F, so that the polarized beam r s may \ 
through it perpendicularly. If we now apply the eye at 
and look towards the black spot in the direction O s, we si 
see the surface of the plate of sulphate of lime entirely ( 
ered with the most brilliant colors. If its thickness is ] 
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ftetly Dnifbnn ttirmig'boiit, Its tint will be perfectl}> unifonn , 
but if it baa difTcrent tliiclaieHsee, even different thickneeB 
will display a dilTerpnt color— some red, some ^en, some 
Hae, and mine jellow, and at! uf the motit brilliant descrip- 
tion. If we turn the film C E D P round, keeping it perpen- 
dicular lo llie polirized beam, the colora wii! becmne less or 
taate bright without chann-ing iheir nature, and two linea, 
C D, E F at right angles will be found, so that when either of 
fliem IB in the plane of reflexion r ji O, no colors ahatever are 
perceived, and the block spot will be seen aa if the sulphate 
of lima bad not been interposed, or as if a piece of commcai 
glass bad been substituted for it. It will also be observed, bjr 
oanlinuing the mtntion of the sulphate of lime, that the colon 
tgain beo-in to appear ; and reach their greatest brightneaa 
irtien eider of the Ibes G H, L K, which are inc1iaed45° to 
C D, E F, arc in the plane of reflexion r » O. The plane R r «, 
« Ifae plane in which the light is polarized, is called the plane 
rf prwnitiiie polarixalion ; tiie lines C D, E F, the neutral 
net ; and G II, K !>, the dejiolarixirtg axes, becaose they dc- 
odame, or change the {wlarizstion of tlie polarized beam r >. 
^le brilliancy or intensity of the colors increases gradually, 
finn the position of no color, to that in wliich it is the most 
brtUiut. 

Let us now suppose the plate C E D F to be fixed in the po- 
Vtka where it gives the brigbleet color ; oajnely, when G H 
a perpendicular to the plane of primitive polarization R r », 
■ parallel to the plane riO, and let the color be red. Let 
"e analyzing plate B be made to revolve round the ray r a. 



m 



nation to the ray r s, via. 56° 45'. The brigktett red 
being now visible at (P, when the plate B begins to move from 
ila poailion shown in the tigure, its brightness will gradually 
diffliniah tdl B hna turned round 45°, when the red color wiu 
whoUj diaapjiear, aitd the black spot in the sky be seen. Be- 
jnnd 45° a taint frrri-ri will mnke its appearance, and will be- 
come brighter and brighter till it attains its greatest briglit- 
aeas at 90°. Beyond 90° the green becomes paler and paler 
till it disappears at 1.35°. Here the red again appears, and 
nkches its maximum brightDess at ISO°. The very tame 
are repeated while the plate B passes from 180° 
its first position at 360° or 0°. From this experi- 
apjioiLns, that when the film C E D F alone revolve^ 
tmly one rolar m seen ; and when the plate B only revolves, 
beo eoion are seen durine each half of its revolution. 

If we repeat the preceding: experiinenl witii films of difler- 
eat ibickncasea, that give di&ieut colons we shall find that the 
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two coSors are always comj^lementary to each other, or to< 
gether make white light 

(111.) In order to understand the cause of these beautifid 
phenomena, let the eye be placed between the film and the 
plate B, and it will be seen that the li^ht transmitted throujrii 
the film is white, whatever be the position of the film. 'Hie 
separation of the colors is therefore produced, or the white 
light is analyzed, by reflexion firom the plate K Now, ea^ 
phate of lime is a doubly refiracting crystal ; and one of ils 
neutral axes, C D, is the section of a plane passing throaghitB | 
axis, while E F is the section of a plane perpendicular to the 
principal section. Let us now suppose either of these planes^ for 
example E F, to be placed, as in the figure, in the plane of po* 
larization R r « of the polarized light ; then this ray mil not be 
doubled, but will pass mto the ordinary ray of the crystallised 
film ; and fidling upon B, it will not suffer reflexion. In like 
manner, if C D is brought into the plane Rrs, it will pas 
entirely into the ordinary ray, which, falling upon B, will not 
suffer reflexion. In these two positions of Sie film, therefore^ 
it forms only a single image or beam ; and as the plane of po- 
larization of this image or beam is at right angles to the plane 
of reflexion from B, none o£ it is reflected to the eye at O. 
But in every other position of the doubly refracting fifan 
C E D F, it fiirms two images of different intensities, as may 
be inferred fixxn fig, 66. ; and when either of the depolarizing 
axes G H or E L is in the plane of primitive polarizaticHi, the 
two images are of equal brightness, and are polarized in c/^ 
posite planes ; one in the plane of primitive polarization, and 
the other at right angles to it. Now, one of these images is 
redj and the other green, for reasons which will be afterwards 
explained ; and as the green is polarized in the plane of primi- 
tive polarization R r 9, it does not suffer reflexion firom the 
plate B ; while the red, being polarized at right angles to that 
plane, is reflected to the eye at O, and is therefore alone seen. 
For a similar reason, when B is turned round 90S the red will 
not suffer reflexion fixmi it ; while the green will suffer re- 
flexion, and be transmitted to the eye at O. In this case the 
plate B analyzes the compound beam of white light tran»> 
mitted through the film of sulphate of lime, by reflecting the 
half of it which is polarized in the plane of its reflexion, and 
refiising to reflect the other half, which is polarized in an op- 
posite plane. If the two beams had been each white light, as 
they are in thick plates of sulphate of lime, in place of seeing 
two different colors during the revolution of the plate B, the 
reflected pencil s O would have undergone different variations 
of brightness, according as the two oppositely polarized beams 
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cfwhite light were more or les 

of grealesl brightness being those where ti 

etdws were the brightest, and the darkest points being thoee 

where no color was visible. 

(112.) The analysis of the white beam composed of two 
beama ot' rtd and grten liglit, has obviously been effected by 
the power of the plate to Tpflect tlie one and to Iransmil or 
refract the other ; but the same beam may be analyzed by va- 
riooB oUier methods. If we make it pass through a rhomb of 
olcareous spar sufficiently thieli to Beparate by double refrnc- 
lioti the red from the green beam, we elidl at the same time 
me berth tho colored beams, which we could not do in the for- 
mer CUBE ; the one forming the ordinary, and the otiier the ex- 
tnordinary image. Let ns now remove tlie plate B, and sub- 
itilate for it a rhomb of calcareous spar, with its principal sec- 
tion in the plane of reflexion rsO, or perpendicular to the 
pkne of primitive polarization R r s, and let the rhomb have 
a itmnd aperture in the side farthest from the eye, and of such 
a nxe that the two images of the aperture, formed by double 
refraction, may just touch one another. Remove the film 
C E D F, and the eye placed behind the riiomb will see only 
the estiaorHinary imago of the aperture, the ordinary one 
luiiig' vanished. Replace the tilm, with its neutral axes as in 
'be figure, parallel and perpendicular to the plane R r », and 
ID c&ct will be produced ; but if either of the depolarizing 
IMS ore brought into the plane R r », the ordinary image of 
die aperture will be a brilliant red, and the ottmordinary 
hmf(e a brilliant green ; the double refraction of tlic rhomb 
hiring twipsrated these two diflbrently colored and oppositely 
pdarizod booms. By turning' round the Him, the colors will 
my in brightness ; but the same image will always have the 
■me color. If we now keep the (ilm fixed in the position 
ttol gives (he fineat colors, and move the rhomb of calcareous 
ifa round, so that its principal section shall make a complete 
KTolution, wc shall find tJiat, after revolving 45" from its first 
pnlim, both images become white. Atler revolving 00°, the 
nrJiaary image that was formerly red is now green, and the 
•nmordinaiy image that was formerly green is now red. The 
1*0 images became a^in jchite at I^^, 225°, and 315° ; and 
B 190°, iJie ordinary image is again rerf, and the extroordi- 
BfT one creen ; and at 270°, the ordinary imogo is green, 
«d the other red. 

we use a large circular aperture on the face of the 
i, the ordinary and extraordinary images O, E will ovci^ 
Ikp each otlier, as in _fig. 95, ; the overlapping parts at F G 
gpure wliite light, and the puts at C and D having the 
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colors above described. This experiment ftffiirds ocular de* 
monstration that the two colors at C and D are comple' 
mentary, and form white light 

The analysis of the compound beam transmitted by the sul- 
phate of lime may also be effected by a plate of agate^ or by 




any of the crystals, artificially prepared hr the purpose of 
dispersing one of the component beams. The a^te beingf 
placed between the eye and the film C E D F, it will di^>erB8 
into nebulous light the red beam, and enable the green one to 
reach the eye ; while in another position it will scatter the 
green beam, and allow the red light to reach the eye. WiUi 
a proper piece of agate this experiment is both beautiful and 
instructive ; as the nebulous light, scattered round the bright 
image, will be green when the distinct image is red^ and red 
when the distinct image is green. 

The analysis may also be effected by the absorption cStawr* 
mcdine and other similar substances. In one position the tour- 
maline absorbs the green beam, and allows the red to pass ; 
while in another position it absorbs the red, and suffers the 
green to pass. The yellow color of the tourmaline, however, 
is a disadvantaofe. 

The analysis may also be performed by a bundle of glasa 
plates, such as A or B, Jig. 93. In one position such a bundle 
will transmit all the red^ and reflect all the green ; while in 
another position it will transmit all the green, and reflect all 
the red, in the oppsite manner, but according to the same 
rules as the analyzing plate B, fig, 94. 

(113.) In all these experiments the thickness of the sul- 
phate of lime has been supposed such as to give a red and a 
green tint ; but if we take a film 0-00046 of an English inch 
thick, and place it at C E D F in fig. 94., it will produce no 
colors at all, and the black spot in the sky will be seen, what- 
ever be the position of the film. A film 0*00124 thick will 
give the white of the first order in Newton's scale of colors, 
given in p. 93 ; and a plate 0*01818 of an inch thick, and ' 
all plates of greater thickness, will give a white composed 
of dl the colors. Films or plates of intermediate thicknesses 
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between 0-O0124 and OfllSlfi wUl give tiU the inlei 
colore in Newton's Table between lEe white of the flrsL order 
and the white ariBiiif; frum the mixture of all the colora That 
if^ the colors reflected to the eye at O will be iJioBe in column 
2d, while the colors observed by turning round the plate B 
will he tJiosQ in column 3d ; the one set of colors correspond- 
ing to the reflected tints, and the other to the tranamitted tints 
(f thin plates. In order to determine the thickuesB of a film 
of eulpliate of lime which gives an; particular coIm in tfae 
Table, we must Lave recourse to tlie numbers in the last col- 
umn for glaea, which has nearly the same refractive power aa 
BDlpbat« of lime. Suppose it is required to have the ttiickneea 
which corresponila to the red of the'firet spectrum or order of 
colora. The number In the column for glass, opposite red, is 
51 i then, ebce the tohile of the first order is produced by a 
mm 0-00124 of an inch thick, the number corresponding to 
niiich is 3| in the column for glass, we say, as 3J is to 5j, so 
ia (M)0124 to 0-00211, the thickness which will give the red 
of the first order. In the same manner, by having the thick- 
ne» of any Glm of this substance, we can determine the color 
Vrilich it will produce. 
Since the colors vary with the thickness of the plate, it is 
It, that if we could form a wedge of sulphate of lime, 
IS thickness varying from 0-00124 to 001818 of an inch, 
ve should observe at once all the colors in Newton's Table in 
parallel stripes An experiment of the same kind may be 
made in the following manner : — Take a plate of sulphate of 
itme, M N, Jig. 96., whose thickness exceeds 0-01618 of an 

Fig.9S. 



Cement it with isinglass on a plate of gless ; and 

ag it upon a fine lathe, turn out of it with a very sharp 

^ & concave or hollow surlsee between A and B, turning it 

thill at ttio centre that it either begins to break or is on the 

B of breaking. If the plate M N is now placed m water, 

. I water will aAer some time dissolve a small portion of its 

L aibBtance, and polish ihe turned surface to a certain degree. 

ir the plate is now held at C E D F, Ji^. 9i., we shall m« all 

Ibe colors in Newton's Table in llie form of concentric rings, 
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in the figure. If the thickneBfl-diminisheH TV^SS^ 

the ringB will be closely packed together, but if the turned 
Bur&ce is large, and the tliiekness dimiuifihes bIowIj, the cofc 
ored bands will be broad. In place of tuining out the cm* 
oavitf , it might be done better by grinding it out, by appdyio; 
B. convex eurlhee of great radium, and using the finest entei;. 
When the pkte M N is tliuB prepared, we may give the meal 
perfect polish to the turned suiiace by eeuieotiug upon it ■ 
pUle of gtaaa with Canada balsam. The balsam will dry, tat 
the plate may be preserved for any length of time. 

By ihs method now described, the most beautiful pattern^ 
Budi as are produced in benk-nuteR, Ac., may be turned d 
a plate of suiphute of lime'0'01818 of nn inch thick, cemei 
to glass. All the grooves or lines thai compoBe the pattenf 
may be turned to different depths, so as to leave diSerent 
tiiickneteeB of tlie mineral, uid (lie grooves ol'diiJercut deptbfl 
will all appear as difierent colore wlieu the pattern is beM '' 
tfae apparatus in fie. 94. Colored drawings of figures a 
landscapes may in l3ia manner be executed, by scraping aw 
tlie niineml to the tbickneas that will give the required cdo 
or the effect may be produced by an etching ground, a . 
wang water and other fiuid Rilventa of Bulplrale of lime 1l 
reduce the mineral to the required thickneeses, A c^Ac 
may thus be executed upon the mineral ; and If we eoti 
tiie surface upon which it is scratched, or cut, or dieaolTel^' 
with a balsam or Suid of exaetly the same refractive pow^M 
the «ulphate, it will be absolutely illegible by common ligh^ 
and may be distinctly read in polarized light, when placed at 
CEO Fin Jiff. 94. 

As the colors produced in the preceding experimenta vuy 
with the difierent thicknesses of the body which prodDeei 
them, it is obvious that two films put together, as they lie it 
the crystal with similar lines coincident or parallel, will pi" 
iace a color corresponding lo the sum of their thickneM 
and not the color which arises from the mixture of the tl 
colors which they produce separately. Thus, if we take tM 
films of sulphate of lime, one of wbich gives the orange o 
the fiiBt order, whose number in the lost column in Newtori 
Table, p. 93., is 5J, while the other gives the red of the 3 
cffder, whose number is 11| ; tlien by aSditig these number^ V 
gel 17, which corresponds in tlie Table to greenis/i yeWow rflfc 
3d order. But if the two plates are crosied, so tjiat similar liM 
in the one are at right angles to similar lines ii ' 

then the tint or color which they produce will k ., 

belongs to the difference of tiicir thickneFses. Thus, u. „_^ 
present case, the dilterence of the abovo numbers is 6j, which 
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wntfBPJ* in the Table to a reddigh inolet of the second 

orik IT the plates which are thus crassed are equally thick, 

asi produce the same colors, they will destrc^ each other's 

and blackness will be produced ; the difference of the 

I in the Table being 0. Upon this principle, we may 

OQkvs by crossing plates of such a thickness as to 

no eokjM separately, provided the difference of their 

mn does not exceed 001818 ; for if the diSerence of 

Br tfiickniWB is greater than this, the tint will be white, and 

kfnid the limits of the Table. 

ff the polarized light employed in the preceding ezperi- 
■Bti is homogeneous, then the colors reflected from the plate 
Bwin always be those of the homogeneous light employed. 
kfod light, for example, the colors or rather shades which 
■Boeed each other, with diflTerent thicknesses of the mineral, 
wQl be red at one thickness, black at another, red at another, 
lid Uack at another, and so on with all the different colors. 

If we place the specimen shown in j^^. 96. in violet light, the 
i^p A B will be less than in red light ; and in intermediate 
tmn they will be of intermediate magnitudes, exactly as in 
fte rings of thin plates formerly descril^. When white light 
■ and, all the different sets of rings are combined in the very 
■ne maimer as we have already explained, in thin plates of 
tkt and will form bv theur comoinations the various colored 
lingi in Newton's TMe. 



CHAP. xxn. 

OH THE STfiTTEM OF COLORED RINGS IN CRTSTAUSI WITH 

ONE AXIS. 

(114.) In all the preceding experiments the film C E D F 
most be held at such a distance from the eye, or from the plate 
S^ that its surface may be distinctly seen, and in the apparatus 
used by different philosophers this distance was considerable. 
Id the year 1813 I adopted another method, namely, that of 
bringing the film or crystal to be examined as close to the eye 
18 possible, a very small plate, B, not above one fourth of an 
inch, being interposed, as in fig, 94, between the crystal and 
tire eve, to reflect the light transmitted through the crystal. 
By tills means I discovered the systems of rings formed along 
the axes of crystals with one and two axes, which form the 
no8t splendid phenomena in optical science, and which by 
their analysis have led philosophers to the most important dis- 
coveries. 
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I djacovered them in Tub^, emerald, topaz, ice, Iiitie> and > 
great Tuiety of other bodies, and Dr. WoUoeton afterwai^ 
■djserred them in Iceland spar- 
In order to observe the system of rings round b mngle axis 
of double re&actioDi grind down the summits or obtoae angles 
A X of a rbonib of Iceland spor,^. 72., and replace them bf 
plane and polished surtaces perpendicular lo the axis of dmbJe 



re&actim A X. But as tb^ is not an easy operation witboot 
the aid of a iaptiaty, I have adopted the following m '' ' 
which eDBbles us to ttansmit light along the axis A X v 



injuiing the rhomb. Let C DE F,fig. 97., be the principal 
_ _ section of tiie rbomb ; cement apoi 

**■", its surftces CD, FE,with Ctiada 

_ vj^ balsam, two prisms, D L E, F G H, 

*^^^^H^feP having the angles L D K, G F H 
lB9^^^^^^^ each etjual to about 45° ; and by let- 
^'^^^^^^H^g^ ting &11 a ray of li^t ^erpendicD- 
^^^^^^^^^^ larly upon the face D I^ it will pan 
nH|^B^^BK ak^ the axis A X, and emerge per- 
' ^^ pendicularly through the feoe P Q. 

Let the rbimib thus prepared be held 
in the polarized beam r »,_fig. 94., so that r « may pose along i 
the axis A X, and let it be held as near the plate B as pcnsitde. I 
When the eye is held very near to B, and looks alo^r O f ts J 
it were through the reflected image of the rhomb C E, it wili f 
perceive along its axis AXaspiendidsystem of colored rings I 
resembling that sbown in Jig. 98., intersected by a reclangolir 




Uack CKW, A B C D, the arms of which meet at the « _, 

of the rings. The colors iu these rings ore exactly die mat e 
as those m Newton's Table of colore^ and consequ^itly th* 
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same as the system of rings seen by reflezicm from the plate 

of air between the object glasses. If we turn the rhomb 

Toimd its axis, the rings will suffer no change ; but if we fix 

the rhomb, or hold it steadily, and turn round the plate B, 

I then, in the azunuths 0°, 90<', 180°, and 270° of its revoluticm, 

we ehall see the same system of rings; but at liie intermediate 

aamuths of 45°, 135°, 225°, and 315°, we shall see another 

mtem, like that inj^. 99., in which all the colors are com- 

pementary to those in j^. 96., being the same as those seen 

Fig. 99. 




b the rings formed by transmission through the plate of air. 
The superposition of these two systems of rings would repro- 
, doce wnite light 

If, in place of the glass plate B, we substitute a prism of 
calcareous spar, that separates its two images ^eatly, or a 
iliomb of great thickness, we shall see in the ordmary ima^e 
the first system of rings, and in the extraordinary ima^e the 
second system of complementary rings, when the prmcipal 
section of the prism or rhomb is in the plane r t O as formerly 
described. 

As the li^ht which forms the first system of rings is polarized 
in an opposite plane to that which torms the second system, 
we may disperse the one system by a^eUe, or absorb it by 
tourmaline, and thus render the other visible, the first or the 
second system being dispersed or absorbed according to the 
position of the agate or the tourmaline. 

If we split the rhomb of calcareous spar, jJ^. 97., into two 
pktes by the fissure M N, and examine the rings produced by 
each plate separately, we shall find that the rings produced by 
each plate are larger in diameter than those produced by the 
whole rhomb, and that the rings increase in size as the thick- 
leas of the plate diminishes. It will also be found that the 
encular area contained within any one ring is to the circular 
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arm of any other ring, as the number in Newton's Table o» 
responding to the tint of the one ring is to the number corre* 
sponding to the tint of the other. 

If we use homogeneous light, we shall find that the rings 
are smallest in iMet light and largest in red light, and of in- 
termediate sizes in the mtermediate colors, consisting always 
(^ rings of the color of the light employed, separated by black 
rings. In white light all the rings formed hy the seven di^ 
ferent colors are combined, and constitute the colored system 
above described, according to the principles which were fiilly 
explained in Chapter XIL 

(115.) All the other crystals which have one axis of double 
refraction, give a similar system of rings along their axis of 
double refraction ; but those produced by the positive crystals^ 
such as zircon, ice, &c., though to the eye they -differ in no 
respect from those of the negative crystals, yet possess dif- 
ferent properties If we take a system of rings formed \if 
ice or zircon, and combine it with a system of rings of the 
very same diameter formed by Iceland spar, we shall find 
that the two systems destroy one another, the one being nega- 
tive and the other positive ; an effect which might have b^ 
expected from the opposite kinds of double refraction possessed 
by these two crystals. 

If we combine two plates of negative crystals, such as he- 
land spar and beryl, the system of rings which they produce 
will be such as would be formed by two plates of Iceland spar, 
one of which is the plate employed, and the other a plate 
which gives rings of the same size as the plate of heryl. Bnt 
if we combine a plate of a negative crystal with a plate of a 
positive crystal, such as one of Iceland spar with one of zir^ 
con or ice, the resulting system of ring^y, in place of arising 
from the sum of their separate actions, will arise from their 
difference ; that is, it will be equal to the system produced by 
a plate of Iceland spar whose thickness is equal to the differ- 
ence of the thicknesses of the plate of Iceland spar employed, 
and another plate of Iceland spar that would give rings of the 
same size as those produced by the zircon or ico. 

These experiments of combininq- rinos arc not easily made, 
unless we employ crystals which have external faces perpen- 
dicular to the axis of double refraction, such as the variety of 
Iceland spar called S2)atli calcaire baser, some of tJie micas 
with one axis, and well crystallized plates of ico, &c. When 
two such plates cannot be obtained, I have adjusted the axes 
of the two plates so as to coincide, by placiuij between them, 
at their edges, two or three small pieces of soil wax, by press- 
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Iiflf iriiich in difibrent dlTBClions, wc may produce a BufBcienfljF 
Kcnrate coincidenca of tlie eysteniB of rin^ to establish the 
praceding conclufuons. 
J£, when tno systems of rings are thus combined, either 
bnlli negative or both poaitivo, or tlie one negative and the 
ndwr poeitiTe, we interpose between the plates which produce 
tt^ oryetallized films of mlphate of lime or tntcd, we shall 
pndnce the most beautiful changes in the form and chamcter 
rf die ringa This experiment I found to be particQlarly 
splendid wnen Ihe film was placed between two plates of the 
tpalh calcaire basee of the same thickness, and taken from the 
le cryetaL By fixing them permanently with their fitcea 
_illel| and leaving a sufficient interval between Ihem tar 
■ introduction of films of crystals, I had an apparatus by 
" ' "' most splendid phenomena were produced. The 
no longer symmetrical round their axis, but exhib- 
it beautiful variety of forms during the rotation of 
the tembined plates, all of which ore easily dediicible from the 
general laws of double refraction and polarization. 

The table of crystals that have negative double refraction 
Atrwa the bodies that have a negative system of rings ; and 
m fte tsUe r^ positive crystals bdicates those that have a posi- 
'^ve ^stem of rings. 
(116.) The following is the method which I have used for 

-" idling whether any system of rings is positive or 

», T^ke a film ofsulphateof lime, Biich Bi "' " ' 




imti^ 



E D P, fe. 91, and mark upon its surface the lines o 

ral axes CD, E F as nearly as may be. Fix this film b; 

little wax on the surface, LD or FG,/^. 97., of the rhomb 



kjlich produces the negative system of rings. If the film 
pnducea alone the red of the second order, it will now, wlien 
Cabined with the rhomb, obliterate port of the red ring of 



AC, BD; then if the line C D,;!^-. 94., of tlie film crossea 

ne two quadrnnts at right angles In the ring;?, it will be the 

priaeipal axu of the sulphate of lime ; but if it cresses the 

--* - -wo quadrants, then the line E P, which crosses the 

Its A C, B D, will bo the principal axis of sulphate i^ 

' it should be marked as sucli. We shall suppose, 

that C D has been proved to be the principal axisL 

h if wa wish to examine whether any other system of 

p ■■ positive or negative, we have only to cross the rings 

"*he ucH C D, by interposing the film ; and if it oblitcr- 

e red ting of Uie second order in the quadrant which it 
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crosses, the system will be negative ; bat if it oblitenites tbe 
same ring in the other two quadrants which it does not crao^ 
then the system will be j^osHive. It is of no oonseqiience 
what color the film polarizes, as it will always oUiterate the 
tint of the same nature in the system of rings under exam- 
ination. 

(117.) In order to explain the formation of the nystenui cf 
rings seen alonff the axes of crystals, we must copHidCT' the 
two causes on ^ich they depend ; namely, the thir.lmfflB of 
the crystal through which the polarized light pafises, and the 
inclination of the polarized light to the axis of double refino- 
tion or the axis of the rinp. We have already shown how 
the tint or color varies with the thickness of the crvstalliied 
body, and how, when we know the color for one thicknesB, we 
may determine it for all other thicknesses, the inclination of 
the ray to the axis remaining always the same. We have 
now, therefore, only to consider the effect of inclination to the 
axis. It is obvious that along the axis of the crystal, where 
the two black lines A B, C J>,Jig. 98., cross 0ich other, there 
is neither double refraction nor color. When the polariied 
ray is slightly inclined to the axis, a faint tint appears, like 
the blue m the first order of Newton*s scale ; and as the incli- 
nation gradually increases, all the colors in Newton's taUe are 
product in succession, from the very black of the first older 
up to the reddish white of the seventh order. Here, thm, it 
appears that an increase in the inclination of the polarized 
light to the axis corresponds to an increase of thicmiesB ; so 
tlmt if the light always passed through the same thickness of 
the mineral, the different colors of the scale would be nD* 
duced by difference of inclination alone. Now, it is founa by 
experiment, that in the same thickness of the mineral, me 
numerical value of the tints, or the numbers opposite to ^ 
tints in the last column of Newton's table, vary as the square p 
of the sine of the inclination of the polarized ray to the azi& 
Hence it follows, that at equal inclinations the same tint will 
be produced ; and consequently, the similar tints will be tt 
equal distances from the axis of the rings, or the lines of equal 
tint or rings will be circles whose centre is in the axi& Let 
us suppose that at an inclination of 30° to the axis we observe 
the blue of the second order, the numerical value of whose 
tint is 9 in Newton's table, and that we wish to know the tint 
which would be produced at an inclination of 45°. The sine 
of 30° is -5, and its square -25. The sme of 45° is -7071, and 
its square .5. Then we say, as *25 is to 9, so is -5 to 18, whick 
in the table is the numerical value of the red of the third 
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iiia. If we sappose the thickness of the ininenil to be in- 
creaaed at Uie inclinations 30° and 45°, Ihen the numericaj 
value of thB_tint would increase in the same proportion. 

It is obvioUB from what has been said, that me polBiizing 
feree, or that which produces the rings, vanishes when tho 
double refractiaa vanLshes, and increases and diminishes with 
the doable refraction, and according to the same law. The 
MlariEing force, therefore, depends on the force of double re- 
inction; and we accorduigly find that crystals with high 
Jouble refraction have the power of producing the same tint, 
either at much less thicbnesses, or at much Jesa inclinations to 
the ttxia. In order to compare the polarieing intenaitieB of 
different crystjils, the best way ia to compare the tints which 
thej produce at right aji?lea to the axis where the force of 
double refraction and polarization is a maximum, and with a 
given thickness of the mineral. Thus, in the case given 
»hove, we miy find (lie tint at right angles to the axis, by 
bJung the square of the sine of 90^, which is 1 ; so tliat we 
htve the following proportion: as -25 is to 9, so ia 1 to 36, the 
nlue of Ihe maximum tint of calcareous spar at right angles 
to the axis, upon the supposition tliat a tint of the value of 9 
wu produced at an inciination of 30°. If we have measured 
Ibe thickness of Iceland spar at which the tint 9 was produced, 
we are prepared lo compare the polarizing intensity of Iceland 
■par with that of any other mineral. Thus, let us take a plate 
at quartt, and let us suppose that at an Inclinatbn of 30°, 
»nd with a thickness filly-one limes as great as that of the 
plate of Ireland spar, it produces a yelloie of Ihe first order, 
whose value is about 4. Then to find the tint at 90", or at 
rwht angles to the axis, we say, as the square of tho sine of 
90°, or-25,isto4,soisthe scjuare of Che sine of 90°, or 1, to 
16. the tint at 90°, or the ^een of the third order. Now the 
piduizing power or intensity of the Iceland qrar would have 
been to that of the quartz as 36 lo 16, or SSJ times as great, if 
the thickness of the two minerals had been the same ; but as 
Ae thickness of the quartz was SI times as great as that of 
Ae Iceland spar, the polarizing intensity of the Iceland spar 
will be 51 multiplied by 2^ times, or 115 times as great as 
that of quartz. The intensities for various crystals have been 
determined by several observers, but the following have been 
given by Mr. Herschel :— 
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PABTn. 



PoUrixing 



tf CryaUda wih One Axis, 



Iceland spar - I T^ 
Hydrate of strantia - 
Toorxnaline . . . 
Hyposnlpliate of fime - 

Qouti 

ApophyUiie, Ist variety 
GamplMr .... 
Vesonriaii .... 
ApophylUte, 2d variety 
3d variety 



▼•iMOf 

kifkcM Tint. 



35801 

1246 

851 

470 

312 

109 

101 

41 

33 

3 



tte 



Tlot. 



0H)00028 
0-000802 
0-001175 
0K)02129 
0-003084 
0-009150 
0O09856 
0H)24170 
0K)30374 
0-366620 



IS 






The above measures are suited to yellow light, and tiie : 
numbers in the second column show the proportions of the 
thickneases of the different substances that produce the same 
tint The polarizing force of Iceland spar is so enormous at 
ri^t ans les to the axis, that it is almost impracticable to pre- 
pare a nan of it sufficiently thin to exhibit tne colors in New- 
ton's taUa 



CHAP. xxm. 

ON THE STOTEMS OF COLORED RINGS IN CRYSTALS WFTH 

TWO AXES. 

(118.) It was long believed that all crystals had only one 
axis of double refraction ; but, after I discovered the double 
system of ring's in topaz and other minerals, I found that these 
minerals had two axes of double refraction as well as of polar- 
ization, and that the possession of two axes characterized the 
great body of crystals which are either formed by art, or 
which occur in the mineral kingdom. 

The double system of rings, or rather one of the sets of the 
double system of rings in topaz, first presented itself to me 
when I was looking along the axis of topaz, which reflected a 
part of the light of the sky that happened to be polarized, so 
that they were seen without the aid either of a polarizing or 
an analyzing plate. In this and some other minerals, however, 
the axes of double refraction are so much inclined to one an- 
other, that we cannot see the two systems of rings at once. I 
shall therefore proceed to explain them as exhibited by nitre, 
in which I also discovered them and examined many of their 
properties. 



H TWO AXES. 173 
ire, or taltpetre, is an artificitii subslajice which crystai- 
iu six-eided prismH with anglea of about 120°. It belonga 
1 prismatic system of Mohs, and has therefore two ajiea 
able refraction along which a ray of light Is not divided 
:wo. These axes are each inclined about 2J° to the axis 
a prism, and about 5° to each other. If, therefore, wc cut 

Siece of a prism of nitre with a knife driven by a smart 
iHii a hammer, and polish two flat surfaces perpendicu- 
the axis of the prism, ao as to leave a thiclmess of the 
or eigiith of an inch, and then transmit the polariied 
*■ »• Aff' ^1 along the axis of the priam, keepinff the 
iJ as near to the plate B as possible on one side, and the 
it as poeeible on the other, we shall see the double 
8, A B, shown in^^. WO., when the plane pass- , 
■ "n the plane ctf primitive | 




a the plane of reflexion r » O, j^. 94., and 
1 in^. 101. when tlie same plane is inclined 
d either of these planes. Tn passing tVom the state of 
lOa lo that of^g. 101., the black Ibes aasume the forms 
D inji^i. 102. and lOa 

"ems of rings have, generally speaking, the sama 
e of thin plates, or ae those of the systems of 
ne axis. The orders of colors commence at the 



• centres A nniJ B of each system; b«l at a certain diNM 

whicli iafig. 100. corresponds to the mjtth ring, the ting^ 






place of returning and encircling eacli pole A and B, encu- 
cle tlie two poles as an ellipse does its two tbcL 

When we diminlah the thickness of the plate of nitre, the 
rings enlarge ; the fifUi rin^ will then aurround boUi pttlf 
At a less thickness, the fourth ring will surround them, till 
lost all the rings will surround both poles, and the system wiH 
have B great reaemblaiice to t)ie gyslem surrounding one lU 
The place of the poles A. B never changes, but the black 
lines A B, C D become broad and indefinite ; and the wbult 
system is distioguialied from the single system princij 
tfie oval appearance of the rings. 

If we increase tlie (hickness of the nitre, the rings will di" 
mbish in size ; the cobra will lose their resemblance to l^ — 
of Newton's scale; and the tints do not commence at 
poles A, B, but at virtunl poles in their proidmity. , The c» 
of the rings within the two poles is red, atid without theol 
blue i and the great body of the rings is pink and green. 

Ass the same color exists in every part of the same eurn 
the curves have been called Unchrnmatii: lines, or Una M 
equal lint. The lines or axes along which there is no dooH 
refraction or polarization, and whose poles are A, B, fig. IC*-* 
have been called opiical axes, or axes 0/ no ptdanzatio*, 
axes of compeitsatinn, or residtnnt axes; because they hava 
been fcund not to bo real axea, but lines along which the 



_ axes Of ■ 

^L been foui 



Chap-xstii. nixGs in cRvsTAis with two axes 

innte actiooB of other two real axes Itave been compeoBated, 

or destroy oue anotlier. 

(119.) la various crystallized bodies, such b3 nitre and ar- 
ragonile, where the ioclioation'or the resuhani axes, A, B, 
Jg. 100., is BmaJI, the two lystema of rings maj ba easily 
wen M the same time ; but when the inclination of the result- 
^ant axes is great, sa in topaz, mlphate of iron, &c., we can 
onlj see one of the systems of rings, which may bo done moat 
advantageously by grinding and polishing two pcLrallel taces 
perpendicnlor to the axis of the rings. In miea and topaz, 
and various other crystals, the plane of most eminent cleavage 
is equally inclined to the two resultant axes ; so that in such 
bodies the systems of rings may be readily found and easily 
CJihibited. 

Let M N, for example, jSg^. 101., ba a [iial« of topaz, cut or 
split so as to have its &ce perpendicular to the axis of the 
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n which this body crystallizes. If we place this plate, 
fig. 104., in the opparnliis jig-. M. so that the polari/ed rw r «, 
fig.M., passes along the line ABeE, 
fig. 104., and if (he eye receives this 
ray when refiecleil from the analyzing 
plate B, it will see in the direction ct 
tliat ray a system of oval rings, like 
that m ^.105. In like manner, if 
the polarized light is transmitted along 
tlie line C B rf D, the eye will see an- 
other system perfectly similar to the 
first ThelineBABeEandCBdD 
TO, therefore, the resultiint axes of 
topaz. The angle ABC will be tbund 
equal to about 121" 16' ; but if we 
compute the inclination of the refract- 
ed mys Bd.B e, we sliall find it, or 
theanpIedBe, tobeonl^65=; which 
is, therelare, the iaclinatuui of the op- 
la of topaz. 
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If we suppoBe the plate of nitre fixed m any of the positkai 
which give any of the rinffs shown in Jigs. 100, 101, 102, or 
103., then, if we turn round the plate B, we shall ohserve ia 
the azimuths of 909 and 270^ a system of rings compleraeDt* 
ary to each, in which the black cross in ^. 100. and ^ 
black hyperbolic curves in figs, 101. 103. are white, all tin 
other dark parts light, and the red greeuj the green red, ftc; 
as in the single system of rings with one axis. 

In the preceding observations we have supposed the pokih 
zation of the incident light, and the analysis of the transmitted 
light, to be necessary to the production of the rings ; bat in 
certain cases they may be shown by common light with the 
analyzing plate, or by polarized light without toe analyBB|[ 
plate B, and in some cases without either the light being po' 
Lurized or analyzed. If in topaz, for example, fig. 104, we 
allow common light to fall in the direction A B^ so as to be 
refracted alon? B e, one of the resultant axes, and subsequendy 
reflected at e from the second sur&ce, and reaching the eye ; 
at c, we shall see, after reflexion finom the analyzmff plate, 
the system of rings in fig. 105. ; or if A B is polarizra l^t, 
the rings will be seen by the eye at c without an analyzing 
plate. There are several other curious phenomena seen under 
these circumstances, which I have described in the PhU. 
Transactions for 1814, p. 203. 211. 

I have found some crystals of nitre which exhibit their 
rings without the use either of polarized light or an analyzing 
plate ; and Mr. Herschel has found the same property in some 
crystals of carbonate of potash. 

(120.) When the preceding phenomena are seen by pQla> 
ized homogeneous light, in place of white light, the rings are 
bright curves, separated by dark intervals; 3ie curves having 
always the color of the light employed. In many crystals the 
difference in the size of the rings seen in different colors is 
not very great, and the poles A, B of the two systems do not 
greatly change their place; but Mr. Herschel found that there 
were crystals, such as tartrate of potash and soda^ in whkh 
the variation in the size of the rmgs was enormous, being 
greatest in red, and least in violet li^ht, and in which the 
distance A B,figs. 100. 101., or the inclmation of the resultant 
axes, varied from 56° in violet light to 76° in red, the inclinsr 
tion having intermediate values for intermediate colors, and 
the centres of all the different systems lying in the line A E 
When all these systems of rings are combined, as they are in 
usm^ white light, the system of rings which tbey form is ex- 
ceedmgly irregular, the two oval centres, or the nalves of the 
first oraer of colors, being drawn out with long spectra or 
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i3h of red, green, and viokt lisbl, and the ends of all 
Iher rings ^ing red without ths resultant axes, and bli 

Mr, Herschel found other crystals in whicli the rings 
moBeit in red, and largest in blue light, and in which the 
iclination of the axes or A B is leasl in red, and greatest in 
joiet light 

In all crystals of this kind, the deviation of the tints, or the 
elora of the rings seen in white light, from Newton's Table 
I «e(^ conaideraUe, and may be calculated from the preceding 
rineiples. This deviation I found to be very greai, even in 
rysrtajB with one axis of double retiBCtion and one system of 
logs, Buch as apophylUte where the rings have scarcely any 
ther tints than a succession of greemxh yellow, and reddiui 
mrple ones. By viewing these rings in homogeneous light, 
llr. Herschel has found Siat the system is a negative one fcr 
he nya at the one end of the spectrum, a positive one for the 
ajB at the other end of tlie spectrum, and that there are no 

Tat all in yellow li^hL 
similar and equally curious anomaly I have found in 
^auberile, which is a crystal which has two axes of double 
te&«ction, nr two systems of rings for red light, and onenegu- 
lira ^stem for violet light 

(131). All the singularities of tliese phenomena disappear, 
ind may be rigorously calculated by supposirig the remillanl 
MXtt of crystals where tliere ore two, or the single axis where 
Ihere a one, with a system of rings deviatmg from Newton's 
mle. BB merely apparent axes, or axes of compensation, pro- 
duced by the opposite action of fico or more rectangular axes, 
Ike principal one of which is the line bisecting the angle 
fbrmed by the two resultant axes. Upon this principle, I have 
riuvm tlut all the phenomena presented by such crystals may 
be nimputod with as much accuracy as we can compute llie 
DHtioDa of the heavenly bodies. 
Hie method of doing tliia may he understood from the fol- 
n/. iDO. lowing observations. Let A C B J), 

^g. 106., be a crystal with two aaea 
turned into a sphere. Let P, I* be tha 
poles of the axes, O tJie point hisectinff 
them, and A B a line passing through 
D O, and perpendicular to C D, a line 
passing through P, P. Let us suppose 
is to pass through O, perpenoicu- 



flin ' 




lar to the plane , 



vrjOabi, by supposing tl 



is at O to be the principal o 
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and the other axis to be along either of the dimnetera ' 
C D. If we take C D, Uien the axes O and C D moat beh 
of the same name, either both potilive or both negative; \ 
if we take A B, the axes must be one positioe and the oti 
negative ,- or, what is perhaps tJie simplest suppoeitian Ihc 
luBttelioa, we shall Euppose the two rectangular ftxes whi 
produce dl the plienoniena to be A B, C D, either both pxit 
or both negative, leaving out the one at O. Supposing AO 
C P P D to be projections of great circles of the sjrfiere, & 
P, P are the points where the axis A B destroys the eSbct 
the axis C D ; that is, where the tinta produced by each ■ 
must be equal and opposite. Now, if we suppose the U 
C P to be eiy, then, since A P is 90°, it follows that the m 
C D produces at M)° the same tint that A B does at 90°, i 
consequenllf the polarizing intensity of C D will be to U 
of A B as the square of the sine of 90° is to the square cfl 
sine of 3IP, or as 1 to 075, or as 100 to 75. The polarin 
fcrce of each axis being thus determined, it ia easy to find " 
tint which will be produced by each axis separately at 
given inclbation to the axis, by the method formerly exj^ 
ed. Let E be onv point on the surface of the sphere, inc 
the tints produced at that point be 0, or the blue oT the sec 
order, by C D, and 16, or tlie^reeii of the third order, ^A 
Let the inclination of the planes passing through A K C 
or tlie spherical angle C £ A be determined, then the tint 
the point E will correspond to the diagonal of a parallelr^ 
whose sides are 9 and 16, and whose angle is double the ull 
C E A. This liw, which is general, and applies also to dew 
refraction, has been confirmed by Biot and Fresnel, the b 
of whom has proved that it coincides rigorously with the k 
deduced from the theory of wovea 

If Ihe axes A B, C D are equal, it Gillows that theyK 
produce the same tint at equal inclinations ; that a, titer W 
compensate each other only at one point, viz. O, and will p 
duce round O a system of colored rings, the very same as 
O were a single axl« of double refraction of an oppoaile nu 
to A B, C D. If the axis A B has exactly the same propi 
tional action that C D has upon each of the differently cdo* 
rays, a compensation will hike place for each color exactly 
O, the centre of tlic resultant systems of rings, and the call 
will be exactly tlioee of Newton's scale. But if each axis < 
ercisee a different proportional action upon the colored rajs, 
compensation will take place at O for some of the rajs CS 
violet, for example), while the compensation lor red will tat 
place on each side of O ; consequently, in such a cub tt 
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crratal will have one axis for violel lig-ht, and two ax€s to. . 

fi^ti like glaoberite. 

The phenomena of apopht/Uile nmy, in a eimilar manner, 
be expkbed by two equal negative axes, A B, C D, and a 
pomtive axis at O. 

According to this method of combining Ihe action of dif 
feieat rectangular axes, it follows that three equal and rectan- 
gular axes, either all positive or ail negative, will destroy one 
another at every point of Che sphere, and thus produce Ihe 
very same effgct as if tlie crystal had no double refraction and 
polarization at all. Upon this principle I have explained the 
■beence of double refraction in all the crystals which form the 
tesutar system of Mohs, each of the primitive forms of which 
has actually three similarly situated and rectangular axes. If 
one of these axes is not precisely equal to the other, and tha 
crjstallization not perfectly uniform, traces of double refrac- 
tjon will appear, which is found to be the case in muriate of 
Kda, diamoiul, and other bodies of this class. 

(122.) The following table contains the polarizing inten- 
bIks of some crystals with itoo axes, as given by Mr. Her- 

Polarizing Intmntiei of Crygiali vjith Too Axet. 
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1900 
1307 

249 


0-000135 
O'OOOaSG 
0-000765 
0-001990 
OKMMOai 


Anhydrite, inclination of ajcea 43° 4B' 
Mica, inclination of axes 45° - - - 

Sulphate of baryta 

Houknditc (white), inclination of( 
axes 54' ir ( 
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(123.) Having Ihus described the principal phnn 
llie colors produced by regularly crystallized bodies Ihat pos- 
ses one or tico axes of double refraction, we shall proceed to 
explain the cause of these remarkable phenomena. 

Dr. Young had the great merit of applying Ihe doctrine of 
interference to explain the colors produced oy double refrac- 
tioa. When a pencil of light falls upon a thin phite of a 



k TBEATISH OX OPTICS. 



I 



doublj reft«cling crysla], it is eepftreted into two, whielt 
throuj.'h the plate with different velocities, corresponding 
the difierent indices of refraction for tha ordinary aad exti 
ordinary my. In calcareous spar, the ordinary ray mm 
with greater velocity than the extraordinary one ; and tbtn 
fore 3iey ought to interfere with one another, and in bon 
geneoua light produce rings consisting of bright and dark ei 
cles round the a-iig of double refraction. According to '" 
doctrine, however, the rings ought to be prodi 
as well as in polarizeii light; but as Ihia was not uto case, 
Young's ingenious liypothfiBJB was long neglected. The 
ject wna at last taken up by Messrs Fresnel and Aiago, 
Uisplayed ?reat address in their investigation of the suti 
and succeSed in drawing how the production of the ringi 
pended on the polarization of the incident pencil and its 
Bcguent analysis by a reflecting plate or a doubly re&aetii 
prism. 

The following are the laws of the interference of 
light as discovered by MM, Fresnel and Arago: — 

1. When luK) rai/s jmlarixed in Me some plrme 
leilh each other, Ihey willpmducebi/lheirinterfeTenci 
qf the very same kind as if they were common light. 

This law may be proved by repeatbg the experii 
the inflexion of light, mentioned in Chap. XI., in polariied 
place of common tight; and it will be found that the ^ 
same fringes are produced in the one caae as in the otber. 

2. When two rays of light are poiarited at right «\, 
to each other, they produce no cohredJHnge» in thesmmek 
cumstamxi under jchich tmi rayi of common light woi 
produce them. When the rays are polarized at angler mil 
mediate between OP and 90°, they proditee /ringee nf •"* 
mediate brightness, Ike fringes being totMy SiliteratBi 
90°, and recovering their greatest brightness at 0°, at 
law!. 

In order to prove this law, MM. Freanel and Arago adopt 
several mcthoda, the simplest of which Is the following, e 
ployed by tlie latter. Having made lum fine aljls in a tL 

Elate ol' copper, he placed llie copper behbd the focus P of 
ins, as in fig. 56., and received the shadow of the copp< 
upon the screen C D, where the fringes produced by the intt 
ference of the rays passing through the two slits were viaiU 
In order, however, to observe the fringes more accurately, I 
viewed Ihem with an eye-glasa, as (ormerly described, I 
next prepared a bundle of transparent plates, tike either 
those shown at A and B,fig. 9.3., made of lifteen thin fihnsi 
tnica or plane glass, and he divided this bundle into tw(\ I 
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. sharp cntthig instrument At the line of diviskm these 
Nmdles had as nearly as possible the same thickness, and they 
wexe capable of polarizing completely light incident upon 
hem at an angle of 30°. These bundles were then placed 
lefive the slits so as to receive and transmit the rays from the 
bcDfl F at an incidence of 30°, and through portions of the 
oka in each bundle that were very near to each other pre- 
rious to their separation. The bundles were also fixed to re- 
ralviiig frames, so that, by turning either bundle round, their 
danes c^ polarizaticm could be made either parallel or at right 
ingles to each other, or could be inclined at any intermediate 
in^e. When the bundles were placed so as to polarize the 
ntys in parallel planes, the fringes were formed by the slits 
snctly as when the bundles were removed; but when the 
rays were polarized at 90°, or at right angles to each other, 
the fringes wholly disappeared. In all intermediate positions 
the fringes appeared with intermediate degrees of bnghtness. 

3. Two rays originally polarized at right angles to each 
other may be subsequently brought into the same plane ofpo- 
larizationj tnthout acquiring the power of forming fringes 
by their interference. 

Ifi in the preceding experiment, a doubly refracting crystal 
be placed between Uie eye and the copper slits, having its 
principal section inclined 45° to either of the planes of polari- 
ation of the interfering rays, each pencil will be separated 
into two equal ones polmzed in two rectangular planes, one 
of which planes is the principal section itself. Two systems 
of fringes ought, therefore, to be produced ; one system from 
tile interference of the ordinary ray from the right hand slit 
with that of the ordinary ray from the left hand slit, and an- 
other system from the interference of the extraordinary ray 
fnm we right hand slit with the extraordinary ray from the 
mi hand sht ; but no such fringes are produced. 

4. Two rays polarized at right angles to each other, and 
(afterwards brought into similar planes of polarization, pro- 
iuce fringes by their interference like rays of common light, 
fromded they belong to a pencil, the whole of which was 
originally polarized in the same plane. 

5. In the phenomena of interference produced by rays that 
have suffered double refraction, a difference of half an undu- 
lation must be allowed, as one of the pencils is retarded by 
that quantity from some unknown cause. 

The second of these laws affords a direct explanation of 
the fiu5t which perplexed Dr. Young, that no fringes are ob- 
served when light is transmitted t}m)ugh a thin plate possess- 
ing double refraction. The two pencils thus produced do not 

Q 
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form fringes by their interference, because they are 
inofptmte pUmes. 

Toe production of the fringes by the action of 
fracting crystals on polarized light may be thus 
Let M Nffig. 107., be a section of the plate of s 
j^. 107. Ihne, C E D F, ./^. 94., and 

lyzing plate. Let R r be i 
ray incident upon the plate 
let O and E be the ordiua 
traordinaiy rays produce 
double redaction of the p 
Wh^i the plate MN is in 
S sition that either of its nc 

C D, E P, Jig. 94, are in the plane €i primitive p 
of the ray R r,fiff. 107., then one of the pencils w 
fer reflexion by the plate B, and consequently only 
rays will be reflected. Hence it is obvious that no 
be produced by interference, because there is onl; 
But in every other position of the plate M N, the 
O «, E «, will be reflected by the plate B ; and bein| 
by the plate in the same plane, they will, by Law 1. 
and produce a color or a fringe corresponding to the 
of one of the rays within the p^ate, arising from the 
of their velocities. If we call d the interval of 
within the plate M N, we must add to it half an 
to get the real interval, as one of the rays passes fi 
dinary to the ejrtraordinary state. If we now s 
plate B to make a revolution of 90°, M N remaij 
then the ray E will be reduced to tlie ordinary state 
sequentlv we must subtract half an undulation fron 
terval or retardation within the plate, to have the 
ence of the intervals of retardation. Hence the tw 
of retardation will differ by a whole undulation ; 
quently the color produced when the plate B has b 
round 90°, will be complementary to that which i 
when the plate B has the position shown in^^. 10' 
If we suppose the rays E and O to be received 
analyzed by a prism of Iceland spar, we shall ha 
dinary rays interfering to form the colors in one i 
two extraordinary rays interfering to produce the cc 
ary colors in the other image. 



tAt. XZV. FOLAXIZmO STRUCTURE OF ANALCIHE. 



(ISL} Ih a preceding chnpter I have nienUoned the veiy 
OMrkable double le&actioa which is poaseased by analcime. 
lis mineral, which is also called cubizile, has been regorilcd 
' mineralt^^ists as having the cube for itn primitive fiinn ; bul 
thii were correct, it etiould have exhibited no double reirac- 
■L Analcime has certainly no cleava^ piques, and it inu?l 
! regarded at present as forming in this respect as great an 
lOniBljr in crystallography as it does in optics by ila cxtra- 
diBuy optical phenomena. 

Tbe meet, common form of the analcime is the solid called 
e ietttiUtrahedTtm, which is bounded bv twenty-fimr equal 
in BimilBr bapezia ; and we may regard it as derived from 
e cube. In cutting off each of its angles by three planes 
puHy inchned to the three faces which contain the solid 
igle. If we now conceive the cube to be dissected by planes 
issing' through all the twelve diagonals of its six fiices, each 
' the«e planes will be fiiund to be a plane of no double re- 
acticu, or polarizatioD ; that is, a ray of polarized light tnuis- 
itted in any direction whatever, provided it is in one of tliese 
anes, will exhibit none of the polarized tints when ttic 
yatal is placed in the apparatus, jig. 91. These plaiiea of 
>double refivction are shown by dark lines in fig$. lOS. and 
Fig. W8. 109. If the polarized ray is in- 

cident in any direction which 
is out of these planes, it will 
be divided into two pencils, and 
exhibit the finest tmts, all of 
which are related to the pluios of 
no double refraction. The double 
retraction is sufficiently great to 
admit a distinct sepu^tion of the 
images when tbo incident ray 
posses through any pair of the 
tour planes which are udjacent to 
the three axes of the solid, or of 
the cube from which it is derived. 
The least refracted imo^ is the 
extraordinary ooe ; and conse- 
quently the double refiwjtion is 
negative in relation to the nxea 
to which the doubly refracted ray 
is perpendicular. 




t 
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In all other doubly re&actmg crystals, each particle has the 
same force of double refraction; hut in the analcime, the 
double refraction of each particle varies with the square of its 
distance from the planes already described. 

The beautiful distribution of the tints shown in Jigs. 106. 
and 109. cannot, of course, be exhibited to the eye at oooe^ 
but are deduced by transmitting polarized light in evoy 
direction through the mineral. 

In several of the crystals, the tints rise to the third ani 
fourth order ; but when the crystals are very small, the tints 
do not exceed the white of the first order. The tints are ex- 
actly those of Newton's scale, which indicates that they are 
not the result of opposite and dissimilar actions. In Jigs. 106. 
and 109. the tints are represented by the &int shaded Imes 
having their origin from die planes where the double refine- 
tion disappears. 

The preceding property of analcime is a simple and easily 
applied mineralogical character, which would identify the moBt 
shapeless fri^ment of the mineral. 

The abbe Hauy first observed in this mineral its prq[)erty 
of yielding no electricity by friction, and derived the name of 
analcime from its want of this property. When we consider 
that the crystal is intersected by numerous planes, in which 
the ether does not exist at all, or has its properties neutralized 
by opposite actions, we may ascribe to tlus cause the difficulty 
with which friction decomposes the natural quantity of elec- 
tricity residing in the mineral. 



CHAP. XXVI. 

ON CmCULAB POLARIZATION. 

(125). In all crystals with one axis there is neither double 
refraction nor polarization along the axis ; and this is indicated 
in the system of rings^ by the disappearance of all light in the 
centre of the rings at the intersection of the black cross. 
When we examine, however, the system of rings produced 
by a plate of rock crystal whose faces are perpendicular to the 
axis, we find that the black cross is obliterated within the 
inner ring, which is occupied with a imiform tint of red, 
green, or blue, according to the thickness of the plate. This 
eflfect will be seen in Jig. 110. M. Arago first observed 
these colors in 1811. He found that when they were analyzed 
by a prism of Iceland spar, the two images haa complementary 
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nd that the colors changed, descending in Newtim's 
Ecale as the piism revolved ; so that if 

the color of the extnordmary image 

was red, it became in successioa orange, 

yeUmti, green, and violet. From tois 

L lesult he amcluded, that the difierently 

I colored raya had been polarized in dif- 

I ferent planes, by passing aJong the axis 

' of the rock cryetaL In this state cf the 

subject, it wsH taken up by M. Biot, who 

vestigated it with much sagacity and 

: B D P be the plate of quartz, fig. 94., alcng whose 
tolahzed lay, r a, is trnnamitted. When the eye is 
t O, above the analyzing plate fixed as in the figure, 
ee, for example, a circular red space in the centre of 
a, If we turn the quaitz round its axis, no chan^ 
T takes place ; but if we tum the plate B fnxa right 
hrough an angle of 100° for example, we shall observe 
charge to orange, yelloui, green, and violet, the ktter 
I dark purple tinee. If we now cut from the eune 
' rock crystal another plate of twice the thickness, and 
in the apparatus, the plate B remaining where it was 

shall find that its tint is different from that of the 
plate ; but by turning the plate B 100° fiirther, ne 
itn bring tlie tint to its least brightness, viz., a sombre 
By a phite thrice as thick, the least brightness will 
led by turning the plnte B 100° ferther, and ao on, till, 
e thickness is very great, the plate B may have made 
complete revolutions. Now, it might happen that a 
u had been taken, so that the rotation of B which pnv 
ic sombre violet was 360°, or teiminated in the point 

which it set out, whicli would have peiplexea the 
', if he bad not made the succession d' eiperimenta 
'e have mentioned. 

pheniancnon will be better undentood, by suppoong 
take a plate of ipiartz -j^th of U inch thick, and use 
rent homogeneous rays of the q>ectnun in succession. 
ng with rcil, we shall find that the red light in the 
if the rinps has its maxinmm brigktnta* when the 
is at 0° of azimuth, as in ^. 9t If we turn B from 

le/i, the ret tint will gradually decrease, and after a 
of nj° the red tint will wholly vaninh, liaving reach- 
niniinum. With a plate ^^^ths thick, the red will 
It Xi", cverv additional thickness of the 25lh of an 
uiring an adilitional rotation of I7J°. If the light is 
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violet, the same thickness, viz., ^th of an inch, wiU reqtiiiei 
rotati(m of 41° to make it vamsh, every additianai SSth d 
an inch of thickness requiring a rotation of 41° more. 

(126.) The rotations for different colors corresponding to 1 
millimetre, or ^th of an inch of quartz, are as foUows : — 



HomogeaaoM Say. 



Extreme red 

Mean red 

Limit of red and orange • 

Mean oranf^e 

Limit of orange and yellow 

Mean yellow 

Limit of yellow and green- 
Mean green ... 



▲mof 
Rotation. 



170 30' 

19 00 

30 29 

21 24 

22 19 

24 00 

25 40 
27 51 



■iv. 



Limit of green and blue - 

Mean Wue 

Limit of bine and indigo 
Mean indigo .... 
Limit of indigo and violet 

Mean violet 

Extreme violet - • - 



Amtf 



3050 

» B 

M Si 

36 07 

37 41 
40 53 
44 05 



Upon trying various specimens of quartz, M. Biot fbimd 
that there were several in which the very same phenomeoi 
were produced hy turning the plate B irom left to rifkL 
Hence, in reference to this property, quartz may be divided 
into right-handed and left-handed quartz. 

Prom these interesting facts it follows, that, in paaaiog 
along the axis of quartz, polarized light comports itself at its 
egress from the crystal, as if its planes of polarization revolved 
in the direction of a spiral within the crystal, in some speci- 
mens from right to left, and in others from left to right, **To 
conceive this distinction," says Mr. Herschel, '* let Uie reader 
take a common cork-screw, and holding it toith the head to- 
wards him, let him turn it in the usual manner as if to pene* 
trate a cork. The head will then turn the same wav as the 
plane of polarization of a ray, in its progress fivm the spec- 
tator through a right-handed crystal, may be conceived to da 
If the thread of the cork-screw were reversed, or were what 
is termed a left-handed thread, then the motion of the bead 
as the instrument advances would represent that of the plane 
of polarization in a left-handed specimen of rock crystal." 

Prom the opposite characters of these two varieties of quartz, 
it follows, that if we combine a plate of right-handed with t 
plate of left-handed quartz, the result of the combination will 
be that of a plate of the thickest of the two, whose thickness 
is equal to the difference of the two thicknesses. Thus, if t 
plate -j^th of an inch thick of right-handed quartz is combined 
with a plate Aths thick of left-handed quartz, the same colors 
will be produced as if we used a plate o^^ths of an inch 
thick of left-handed quartz. When the thicknesses are equal, 
the plates of course destroy each other's effects, and the sys- 
tem of rings with the black cross will be distinctly seen. 

(127.) In examining the phenomena of curcular polariaation, 



I tmif. Sm. OM OntCITLAIt POLABIUTIOir. 187 

^"f ii the amea yt l, 1 fbund that it posessed the power in the 
I ■■• ^leeiiiien of turning the pknes of polmmtum both 
J fin rtgkt to I^ and from left to right, and that it actually 
f narirteo of altemate Orata of right and left^handei oaartz. 



strata of right and le/l-Aomled q , 

aktefiaauM mere paraUel to the aide of double refractian of 
(fctjriBm. When we cut a plate perpendicular to the axis oS 
Aafhan, we therefore cut across these strata, as shown in 
tg. UL, which e^bils sections of the strata which occur 
opposite the three alternate &ce8 of the 
six-sided prism. The shaded lines are 
these which turn the planes of polariza- 
tion from right to left, while the inte> 
mediate unshaded ones and the three un- 
shaded sectors turn them from left to 
rigltt. These strata, ore not united to 
gether like the paria of certain composite 
crystals, whoee di^imilor faces are 
brought into mechanical contact ; for the 




ftrce diminishing gradually to ue lines of junction. 

In aome specimens otamethyst the thickness of these strata 
ii K munite, that the action of the rieht-honded stratum ei- 
teuda nearly to the central line of the tell-handed stratum, 
■nd vice wr*d, so as nearly to destroy each other; and hence 
in such specimens we see the system of colored linga with 
the black cron almost entirely unmfluenced by the tmts of 
circular polarization. A vein of amethyst, therefore, ^th of 
an inch Uiick in the directioa of the bjob, may bo so thin in a 
direction perpendicular to the axis that the arc of rotation for 
the red ray may be 0° ; and we shall Iiave the curious phe- 
nomenon of a plate wiiich polarizes circularly only the most 
refrangible rays of the spcctnmi. By a greater degree of 
thinnesB in the stiuta, the plate would be incapable of polar- 
ising circularly the yellow ray ; and by a greater thinness 
•tiU, there would be no action on the violet Ijght. These 
fteUe actions, however, might be rendered visible at great 
ihickneeees of the mineral. 

We may therefiire conclude that the axes of rotation in 
amethyst vary from 0° to each of the numbers in the preceding 
table, according to the thidmeaa of the strata. 

The coloring matter of tlic amethvst I have fbund to be 
curiously distributed in reference to these views ; bnt I must 
refer to the original memoir for &rtker information.* 
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M. Biot maintaiDed that this remarkable property of qinutt 
resided in its ultimate particles, and accompanied them in all 
their combinations. I have found, however, that it is not pai> 
sessed by opal, tabasheer, and other silicious bodies, and tbrt 
it disappears in melted qtiartz. Mr. Herschel also found tittt 
it does not exist in a solution of silica in potash. 
Hit 112. Hitherto no connexion could be traced betwea 
ji. the right and left-handed structure in ^artz, aad 
the crystalline form of the niecimens which poBseai- 
ed these properties. Mr. Herschel, however, dis- 
covered that the plagiedral quartz which contains 
unsymmetrical &ces, x x x,fi^. 112., turns the planes 
of polarization in the same direction in which these 
fiices lean round the summits Axx^axx. 

Circular Polarization in Fluids, 

(128.) The remarkable property of polarizing light circu- 
larly occurs in a feeble degree in certain flui£, in which it 
was discovered by M. Biot and Dr. Seebeck. Mr. Herschel 
has found it in camphor in a solid state, and I have discovered 
it in certain specimens of unannealed glass. If we take a 
tube six or seven inches long, and fill it with oil of turpentine, 
and place it in the apparatus. Jig. 94., so that polarized light 
transmitted through the oil mav be reflected to the eye firom 
the plate B, we £all observe the complementary colors and a 
distinct rotation of the plane of polarization from right to left. 
Other fluids have the property of turning the planes of polari- 
zation from left to right, as shown in the following table, 
which contains the results of M. Biofs experiments. 

Crystals which turn the Planes from RigM to Left. 




Rock crystal 

Oil of turpentine 

Solution of 1753 parts of artificial camphor > 

m 17359 of alcohol J 

E^ssential oil of laurel. 
turpentine. 



Arc of Rotation 
Ibr eTerySSth 
of an ineh in 
ThickneM. 



180 25' 

16 
01 



RetetiTeTUrk- 
ncMea tint 
produce lb* 
•■me KBert. 



1 

68^ 



Crystals which turn the Planes from Left to Right. 





Arc of RoUtioa 
for cTery SSth 
of aa inch in 
ThickMw. 


RetatiTe Thkk. 
n««e» tknt 
produce the 
■use BOiKt. 


Rock crystal 

E^ssentiiu oil of lemons 

Concentrated syrup (from sugar) - - - - 


180 25* 
26 
33 


1 

38 
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In examining these phenomena, M. Fresnel discovered that 
1 quartz they were produced by the interference of two 
moils formed by double refraction along the axis of Uie quartz. 
!e succeeded in separating these two pencils, which differ 
ith fix)m common and polarizied light They differ from 
ilarized light, because when either of them is doubled by a 
lubly refracting crystal, the pencil or image never vanishes 
irin^ the revolution of the crystal. They differ from com- 
3D light, because when they suffer two total reflexions from 
UB, at an an^le of about 54°, the one will emerge polarized 
a plane inclmcd 45° to the right, and the other in a plane 
>° to the left, of the plane of total reflexion. M. Fresnel 
8 also discovered the following properties of a circularly 
tarized ray : — When it is transmitted through a thin doubly 
Acting plate parallel to its axis, it is divided into two 
Qcils with complementary colors ; and these colors will be 
exact quarter of a tint, or an order of colors, either higher 
lower in Newton's scale, than the color which the same 
/stallized plate would have given by polarized light M. 
esnel also proved that a circularly polarized rav, when 
nsmitted along the axis of rock ciystal, will not exhibit the 
nplementary colors when analyzed. 
(129.) In the prosecution of this curious subject, M. Fresnel 
covered the following method of producing a ray possessing 
the above properties, and therefore exactly similar to one 
the pencils produced by circular double refraction. Let 
B C t),Jiff, 113., be a parallelopiped of crown glass, whose 
lex of refraction is 1-510, and whose angles ABC, AD C 
J each 54J°. If a common polarized ray, R r, is incident 
fig. 113. perpendicularly upon A B, and emerges 

perpendicularly from C D, after having 
suffered two total reflexions at E and F, at 
angles of 54^° ; and if these reflexions are 
performed in a plane inclined 45° to the 
plane of polarization of the ray, the emer- 
gent ray F G will have all the properties 
of a circularly polarized ray, resembling in 
every respect one of those produced by 
double refraction along the axis of rock 
crystal. But as this circularly polarized 
ray may be restored to a single plane of 
arization, inclined 45° to the plane of reflexion, by two 
il reflexions at 54J°, it follows, and I have verified the re- 
t by observation, tliat if the parallelopiped A B C D is 
[iciently long, the pencil will emerge circularly polarized, 
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at 2, 6, 10, 14^ 18 reflexions, and polarized in a siiigle pkne 
after 4, 8, 12, 16, 20 reflexion& 

M. Fresnel proved that the ray R r would emerge at G^ 
circularly pcJarized by three total reflexions at 69° 12^, and 
four total reflexions at 74P 42'. Hence, according to the pre- 
ceding reasoning, the ray will be circularly polarized l^ 9^ 
15, 21, 27, &c. reflexions at 69° 12', and restore to commoQ 
polarized light at 6, 12, 18, and 24 reflexions at the suna 
angle ; and it will be circularly polarized by 12, 20, 28» 90^ 
&c. reflexions at 74° 42', and be restored to common pola^ 
ized light by 8, 16, 24, 32, &c. reflexions. 
* I have found that circular polarization can be produced Iff' 
2}, 7^, 12|, &c. reflexicms, or any other number which k t 
multiple of 2| ; for though we cannot see the ray in the mid* 
die of a reflexion, yet we can show it when it is restoored tot 
single plane of pdarization, at 5, 10, 15 reflexions.* Wliea 
we use homogeneous light, we find that the aiiffle at which 
circular polarization is produced is different for the differentlT 
colored rays; and hence these dif^rent rays cannot be restoied 
to a single plane of polarization at the same angle of reflexion. 
Gomi)lementary colors will therefore be produced, such as I 
described long ago, and which, I believe, have not been ob- 
served by any other person.f These colors are essentially 
difierent from those of common polarized light, and will ba 
understood when we come to explain those of elliptical pda^ 
ization. 



CHAP. xxvn. 

ON ELUFTICAL FOLARIZiiTION, AND ON THE ACTION OF 

METALS UPON LIGHT. 

On EUiptical Polarization, 

(130.) The action of metals upon light has always presen^ 
ed a trcHiblesome anomaly to the philosopher. Malus at first 
announced that they produced no effect whatever; but he 
afterwards found that the difference between transparent and 
metallic bodies consisted in this, — ^that the former reflect all 
the light which they polarize in one plane, and refract all the 
light which they polarize in an opposite plane ; while metallic 
bodies reflect what they polarize in both planes. Before I was 

* See Phil. Transactions, 1830, p. 901. 
t See Pkil. Transactions, 1830, p. 309. 325. 
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•oqnftinted with tjpf of the experiments of Mains, I had found* 
that light was momfied hy the action of metallic hodies ; and 
that, in all the metals wmch I tried, a great portion of light 
WIS polarized in the plane of incidence. In Febmaiy, 1^5, 
I discovered the curious property possessed by nher and gM 
and other metals, of dividing polarized rays into their oomple- 
meotary colors by successive reflexions : but I was misled by 
■me €i the results into the belief that a reflexion fixnn a 
aetaUic sur&ce had the same effect as a certain thickness of 
t crystallized body; and that the polarized tints varied with 
the angle of incidence, and rose to higher orders, by increasing 
(be nomber of reflexions. M. Biot, in repeating my expen- 
Bienta^ and in an elaborate investigation of the phenomena,! 
WIS misled by the same causes, and has given a lengthened 
detail of experiments, formulae, and speculations, in which aU 
the real phenomena are obscured and confounded. Although 
I had myflill ^are in this rash generalization, yet I never 
viewed it as a correct expression of the phenomena, and I 
have repeatedly returned to the subject with the most anxious 
desire cs surmounting its difficulties In this attempt I have 
SQcceeded ; and I have been enabled to refer all the phenomena 
of the action of metals to a new species of polarization, which 
I have called elliptical polarization, and which unites the two 
dases of phenomena which constitute circular and rectilineal 
polarization. 

(131.) In the action of metals upon common light, it is easy 
to recognize the fact announced by Malus, that the light 
which Uiey reflect is polarized in different planes. I have 
fixind that the pencil polarized in the plane of reflexion is 
ilways more intense than that polarized m the perpendicular 
iihne. The difference between these pencils is least in silver, 
and greatest in galena, and consequently the latter polarizes 
more light in the plane of reflexion than silver. The rollowing 
table shows the e^ct which takes place with other metals : — 

Order in which the Metals polarize most Light in the Plane of 

Reflexion. 



Galena. 


Steel. 


Copper. 


Fine gold. 


JiRad. 


Zinc. 


Tin plate. 


Common silver. 


Grey cobalt. 


Speculum metal. 


Brass. 


Pure silver. 


Araenical eobalt. 


Platinum. 


Grain tin. 


Total reflexion 


Jron pyrites. 


Bismutli. 


Jewellers* gold. 


from glass. 


Antimony. 


Mercury. 







* Treatise on JN'ew Pkilos. Instruments, p. 347. and Preface, 
t TraiU de Physique, torn. iv. p. 579. 600. 
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By increasmg the number of reflexion0» the i/diole of the 
incident light may be polarized in the plane of reflexion. 
Ei^ht refleidons from plates of steel, between 60^ and 80°, 
pokrize the whole light of a wax candle ten feet distant An 
mcreased nmnber of reflexions [above 36] is necessary tp do 
this with pure silver; and in total reflexions from glassy 
where the circular polarization begins, and where the two 
pencils are equal, the efiect cannot be produced by any number 
of reflexions. 

In order to examine the action of metals upon polarized 
light, we must provide a pair of plates of each metal, flatly 
ground and highly polished, and each at least 1^ inch kng 
and half an inch broad. These parallel plates should be fixed 
upon a goniometer, or other divided instrument, so that one 
of the plates can be made to approach to or recede fhxn the 
other, and so that their surfaces can receive the polarized lay 
at different angles of incidence. In place of giving the plat^ 
a motion of rotation round the polarized ray, I have finmd it 
better to give the plane of polarization of the ray a motion 
round the plates, so that the planes of reflexion aiui oi polari- 
zation may be set at any required angle. The ray reflected 
from the plates one or more times is then analyzed, either by 
a plate of glass or a rhomb of Iceland spar. 

When the plane of reflexion from the plates is either jnn^ 
allel or perpendicular to the plane of primitive polarization, 
the reflected light will receive no peculiar modification, ex- 
cepting what arises from their property of polarizing a portion 
of light in the plane of reflexion. But in every other position 
of the plane of reflexion, and at every angle of incidence, 
and after any number of reflexions, the pencil will have re- 
ceived particular modifications, which we shall proceed to 
explain. One of these, however, is so beautiful and strikiDg, 
as to arrest our immediate attention. When the plates are 
silver or gold, the most brilliant complementary colors are 
seen in the ordinary and extraordinary images, changingwith 
the angle of incidence and the number of reflexions. These 
colors are most brilliant when the plane of reflexion is in- 
clined 45° to the plane of incidence, and they vanish when 
the inclination is 0° or 90°. All the other metals in the table, 
p. 191, give analogous colors ; but they are most brilliant in 
silver, and diminisli in brilliancy from silver to galena. 

In order to investigate the cause of these phenomena, let 
us suppose steel plates to be used, and the plane of the polar- 
ized ray to be inclined 45° to the plane of reflexion. At an 
incidence of 75° the light has sufiered some physical change, 
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«tich k t mMrimiitn at thst angle. It is not pol&riied li^t, 
beetiuB it does not TanSsh during the revolution of the ansr 
Ifung ptata It is neither partially polarized light nor com- 
■waugfat; beotUM, when we reflect it a Becond time at 75°, 
ll i> restored to light polarized in one plane. If wc tianamit 
the light reflected from ateel at 75° along the aaig of Iceluid 
^Kr, the system of rings shown in^^. OK. is changed into the 
^fitem shown iafig. 114, as if a thin film irf a cryrtallized 
<ir. lu. body which polarizes the blue of the 

first order liad crosGcd tlie system. If 
we EubftituCo lor the calcareous spar 
films of sulphate of lime wliich give 
different tint>', we sliall find that these 
tints are increased in value by a quan- 
tity nearly equal to a quarter rfa tint, 
according as tlic metallic action coin- 
cides wiUi or oppoacs that of the cm- 
tal. It was on the authority of this 
experiment tliat I was led to believe 
tint metals acted like crystallized plates. And when I fiiund 
Oat the colors were better developed and more pure after 
MKceseive reflcxionis I rashly cnncludcd, as M. Biot also did 
after me, that each succeesive reflexion corresponded lo on 
■dditicHial thickness of the film. In order lo prove tiie error 
of this opinion, let us transmit tlic ligiit reflected 2, 4, (t, 8 
times from steel at 75° along the axia St Iceland spar, and wc 
riall find that the system of rings is perfect, and that the 
whole of the light is polarized in one plane; aresullabeohitely 
idcampatible with the supposition of tlie tints rising witli tlio 
lumber of reflexions. At 1, 3, 5, 7, 0, 11 reflexions, the light 
iriien transmitted along the axis of Iceland spar will produce 
n efiect equal to nearly a quarter of a tint, beyond which it 
never rises. 

I now conceived that light reflected 1, 3, 5, 7, 9 times froin 
rteel at 75° resembled circularly polarized light. In circularly 
pidarized light produced by tieo total reflexions from glass, the 
ay originally polarized + 45° to the plane of reflexion is, by 
Qie two reflexions at the ramc angle, rcstoreii to light polarized 
— 45° to the plane of reflexion ; whereas in tleel, a ray polar- 
ixed + 45°, and reflected once from steel at 75°, is restored by 
inotliei reflexion at 75° to light polarized — 17°. 

With different metals the some effect is produced, but the 
bclination of the plane of polarization of the restored ny is 
difierent, u the following table shows: — 
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FART I 



T;'^ BeScsii 



~Kn«n ^laM - - - 

Pure silver - - - 

Commm «lver - - 

Fine cold - - - - 

JeweQen' gold • • 

Grain tin - - - - 



laeluHMna 



45-0' 
3948 
36 



Tm llate - - - 

l\'pjcr . - - - 

Mtn'ury - - - 

riazuiuin - - ■ 



35 
33 
33 
33 
31 
29 
^ 
22 












Total laCexioM. 



Biflinuth - - - 
Speculum metal 
Zmc - - - - 
Steel '•' ' 
Iron pyrites - • 
Antimony - • 
AKenicoi cobalt 
Cobalt - - - - 
Lead - - - - 
Galena ... 
Specular iron, - 



IneUaaUaal 
ofrfstorad i 
Bay. 




In 1;>t:&1 redexions, or in circular polarization, the circularl} 
jv^'arizeu ray is restored to a single plane by the same numbei 
of R''l?exii>n5 and at the same angle at which it received cir- 
cular jvlarizalion, whatever be the inclination of the plane of 
the ^txvnd pair of reflexions to the plane of the first pair; but 
in ne'jillic polarization, the an^le at which the second re- 
i-.wi-on restores the rav to a single plane of polarization varie: 
u:n the inclination of the plane of the second reflexion tolbc 
jriaiio of the first reriexion. In the case of total reflexions 
mis an^lo \'aries as tiie radii of a circle ; that is, it is alway: 
iho same. In the cose of metallic polarization, it varies af 
the radii of an ellipse. Thus, when the plane of the polarized 
ny is inclined 4o^ to the plane of primitive polarization, tli( 



- ro-" 



. ...V, 



octovi or.oo at 7o- will be restored to polarized light a 
To- ; but when llie two planes are parallel t( 



,:o::oo V.'! 



T. t::-? rest .^7?.t ion takes place at s()"; and when the; 
ar>? :vr;v!iit:o;i'ar. at 70-"; and at intermediate angles, at in 
icr.:u\I:a:-o i:x^'. -nations. For these reasons, I have called thi 
k-:.: o:* ivlari^aiion tllipiic polarization. 

Wo :i:ivo already siH^n that liprht jx)larized + 45^ is ellipt 
«:al*v :v\arijoii bv 1, ?. '\ 7 reflexions from steel at 7.")^, ar 
resc^^rod to a siniile plane of jv>larization by 2, 4, 6, 8 reflexioi 
a: The ss-.r.o anirlo : and wo liave stateil that the ray reston 
by two rtflcx'.ons has its plane of polarization brought in 
the state of — 17-\ Tiie following are the inclinations of tl: 
plane to liie plane of reflexion, by diflerent numbers of i 
xlexieas ln.vo.i stool and silver : — 



of Re 



Inclination of tlu ria-.u 
of iho p^Marj."il Ray. 



No. ! 



s-fi-;. 



M r.-- 



|; >0. 

of Re- ! 

TiiXlOUJ!.: 



Inclinati«)n of the Plant 
•if the ixilarizetl Rav. 



•J —17-0 I— ;^ 1-s : 10 

\ -f 5 22 -\-\n o2 1 12 



*^ -h o;w 1 + 21 7 



1-i 



^tn/. 


Silver. 


-f \) 



+ 18 ;30 
— i) 42 



+ 00 I + 47 
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These results explain in the clearest manner why common 
light is polarized by steel after eight reflexions, and by silver 
not till after, thirty-six reflexions. Common li^t consists of 
two pencils, one polarized -|- 45°, and the other — 45°; and 
steel brings these planes of polarization into the plane of re- 
flezioii after eight reflexions, while silver requires more than 
thirty-fiiz reflexions to do this. 

(132.) The andes at which elliptical polarization is pro- 
duced by one reflexion may be considered as the maximum 
polarizing angles of the metal, and their tangents may be 
oonsiderM as the indices of refraction of liie dmerent metals, 
as shown in the following table : — 



Kan* or MeUd. 



Grain tin - • 
Mercury - - 
Galena - • 
lion pjrrites • 
Grey cobalt - 
Speculum metal 
Antimony melted 
Steel . fa . • 
Bismuth • - • 
Pure silver - - 
Zinc .... 
'nn plate hammered 
Jewellers* gold - - 



Angle of Maximtun 


Polariatiot. 


780 3(y 


78 


27 


7» 


10 


77 


30 


76 


56 


76 





75 


25 


75 





74 


50 


73 





72 


30 


70 


50 


70 


45 



Index of 
Refraetton. 



4-915 
4-893 
4-773 
4-511 
4-309 
4-011 
3-844 
3-732 
3-689 
3-271 
3-1T2 
2-879 
2-864 



J 



Ellrotical polarization may be produced by a sufficient num- 
ber OT reflexions at any given angle, either above or below 
the miximum polarizing angle, as &own in the following table 
ibr 8ted:^ 



iroBlier oT Reflexiona at 
wMek KUptkal Potarta* 


Number of Keflexione at 

. which the Pencil ia n> 

atorrd to a tin^e Plane. 


Obaerrad Angle 
of Incidenca. 


3 9 15 &C. 
2A 7^ 12^ &c 
2 6 10 &c. 

U4i U^^' 

1 3 5 &C. 

nu n&c. 

2 6 10 &c. 
2^ 7^ 12^ &c. 

3 9 15 <&c. 


6 12 18 &c. 
5 10 15 &C. 
4 8 12 &C. 
3 6 9&C. 

2 4 6&C. 

3 6 9&c. 

4 8 12&C. 

5 10 15 &c. 

6 12 18 &c. 


860 0' 

84 
82 20 
79 
75 
67 40 
60 20 
56 25 
52 20 



When the number of reflexions is an integer, it is easily 
onderstood how an elliptically polarized ray begins to retrace 
its course, and to recover its state of polarization in a single 

eme, by the same number of reflexions by which it lost it ; 
t it is interesting to observe, when the number of reflexions 
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d number, that the r&T n 

^ ^ , zation in the middle of " 

and third refleEion ; that is, when it had reached its greated 
depth within the metallic surface it then hegina to resume iti 
state of polarization in a single plane, and recoren it at Ifae 
end of 3, 5, and 7, reflexiona. A very remarkable efkct taket 
place wlien one reDexion is made on one side of the mazi- 
nium polarizing angle, and one on the other side. A ra^ that 
has received partial el lipticel pnlarization by one reflesioo at 
85° does not acquire more elliptic polarization by a refleziiHi 
at 54°, but it rettaces its course and recovers ila state of single 
polarization. 

By a method which it would be out of place to explain 
here, I have determined the number of points of restoration 
which can occur at diSerent anjrles of incidence frcon 0° la 
90°, for any number of reflexions; end I have represented 
them in fig. 115,, where the arches I, I., II, II., die. repre 
the quadrant of incidence, for one, Iioo, &c reflexions: 



Fig. US. 




being the point of O", and B that of 90° of incidence. In the 
(juadrant, I, L Uicre ia no point of realorolion. In II, IL there 
is onk- one point or node of restoration, viz. at 73° in mlwr. 
In 111, III. there are two points of restoration, because a ray 
elliptically polarized by one and a half reflexion will be re- 
stored by three reflexions at 63° 43' beneath the maxiinuin 
polarizing angle, and at 79° 40' above that angle. It n»y also 
be shown that for IV. reflexions tliere are 3 points of reelon- 
tion, for V. roflexiong 4 Points; and for VI. reflexions 5 pool^ 
as rfiown in the fipure. The loops or double curves are drawn 
to represent the intensity of the elliptic polarization which 
has Its minimum at 1,3, 3, &c., and its maxinmm in the middle 
of the unshaded parts. If we now use homofeneous liriit, 
we shall find that the loopi have different sizes in the di^rent 
colored rays, and that their mininta and maxima are difihieot 
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Hence, in the Vlth quadrant, C B for example, there will be 
6 kx^ of all the different colors, viz. C 1 ; 1, 2; 2, 3; 9, 4, 
&c ; overlapping one another, and producms by their mixture 
Hmobb beaatiful complementary colors which nave already been 
mentjoned. For a more full account of this curious branch 
of the subject of polarization, I must refer the reader to the 
PkOammhical Transactums, 1890; or to the EdirUmrgh 
Jcurwu qf Science, Noa VIL and VIIL new series, April, 183L 



CHAP, xxvra. 

OH THB POLARnsnfO STRUCTURE FRODUCBD BT BXAT, COLD, 
OOMFRSSSION, DILATATION, AND INDURATION. 

The various phenomena of double refraction, and the sys- 
tems of polarized rings with one and two axes of double re- 
fractioii, and with planes of no double refraction, may be pro- 
duced either transiently or permanently, in glass and other 
substances, by heat and cold, rapid cooling, compression and 
dilatation, ainl induration, 

1. Transient Influence of Heat and Cold, 

(1.) Cf^Unders of glass toith one positive axis of doMe 

refraction, 

(133.) If we take a cylinder cS glass, from half an inch to 
an inch in diameter, or upwards, and about half an inch or 
more in thickness, and transmit heat from its circumference to 
its centre, it will exhibit when exposed to polarized light, in 
the apparatus, fig. 94, a system of rings with a black cross, 
exactly similar to those in fig 96. ; and the complementary 

stem shown in J^. 99. will appear by turning round the 

ite B 0(F. In this case we must hold the cylmder at the 
of 8 or 10 inches from the eye, when the rings will 
appear as it were in the inside of the glass. If we cover up 
any portion of the surface of the glass cylinder, we diall hide 
a corresponding portion of the rings, so that the cylinder has 
its single axis of double refraction fixed in the axis of its 
figure, and not in every possible direction parallel to that axis 
as in crystals. 

By crossinff the rings with a plate of sulphate of lime, as 
formerly explained, we shall find that it depresses the tints in 
the two quadrants which tlie axis of the plate croflses ; and 

R2 
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consequently that the system of rings is negative, like that of 
calcareous spar. 

As soon as the heat reaches the axis of the cylinder, the 
rings begin to lose their brightness, and when the heat is 
uniformly diffused through the glass, they disappear entirely. 

(2.) Cylmders of glass toith a negative axis of double 

^ refraction. 

(134.) If a similar cylinder of glass is heated uniformly in 
boiling oil, or otherwise brought to a considerably high tem- 
perature, and is made to cool rapidly by surrounding its cir- 
cumference with a good conductor, it will exhibit a similar 
system of rings, which will all vanish when the glass is uni- 
formly cold. By crossing these rings with sulpluite of lime, 
they will be found to be positive, like those of ice and zircon ; 
or the same thing may be proved by combining this system of 
rings with the preceaing system, when they will be found to 
destroy one another. 

In both these systems of rings, the numerical value of the 
tint or color at any one point varies as the square of the dis- 
tance of that point from the axis. By placing thin films of 
sulphate of lime between two of these systems of rings, very 
beautiful systems may be produced. 

(3.) Oval plates of glass with two axes of double refraction, 

(135.) If we take an oval plate A B D C, Jig, 116., and 
Fie 116 perforin with it the two preceding experi- 
ments, we shall find that it has in both cases 
two axes of double refraction, the principal 
axis passing through O, being negative when 
it is heated at its circumference, and positive 
when cooled at its circumference. The curves 
A B, CD, correspond to the black ones in 
fg, 101., and the distance m n to the inclinor 
tion of the resultant axes. The effect shown in Jig, 116. is 
that which is produced by inclining m n 45° to the plane of 
primitive polarization ; but when m n is in the plane of prim- 
itive polarization, or perpendicular to it, the curves A B, C D^ 
will form a black cross, as inj%. 100. 

In all the preceding experiments, the heat and cold might 
have been introduced and conveyed through the glass firom 
each extremity of the axis of the cylinder or plate. In this 
case the phenomena would have been exactly the same, but 
the axes that were formerly negative will now be positive, 
and vice versd. 
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(4) Ctibes of glass with double refraction. 

36.) When the shape of the glass is that of a cube, the 
I have the fonn shown in Jig. 117. and when it is a paral- 
iped with its length about three times its breadth, the 

Fig. 117. Fig. 118. 





> have the form shown mfig. 118. the curves of equal tint 
the angles being circles, as shown in both the figuxea 

I Rectangular plates of glass toith planes of no dmdie 

refraction: 

37.) If a well annealed rectangular plate of glass, E PD C, 
iced witli its lower edge C D on a piece of ircm AB D C 
L19., nearly red hot, bM the two together are placed m the 

Fig. 119. 




ratus, Jig. 94., so that C D may be inclined 45^ to the 
I of primitive polarization, and that polarized light may 
1 the eye at O from every part of the glass, we shall ob- 
i the allowing phenomena. The instant that the heat 
"8 the surface C D, fringes of brilliant colors will be seen 
lei to C D, and almost at the same time before the heat 
eached the upper surface E F, or even the central line 
dmilar fringes will appear at E F. Colors at first faint 

and tlicn white, yellow, orange, &c., all spring up at 
and these central colors will be divided from those at the 
3 by two dark lines, M N, O P, in which there is neither 
le refraction nor polarization. These lines correspond 
the black curves in^^. 101. and^^. 116., and the struc- 

between M N and O P is negative, like that of cal- 
►us spar ; while the structures without M N and O P are 
ive, like those of zircon. The tints thus developed are 

of Newton^s scale, and are compounded of the different 
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J^^. 120. 



sets of tints that would be given in each of the homogeneous 
rays of the Epectnim. 

In these pktes there is obviouslv an infinite nomber of axes 
in the planes passing through M N, O P, and all the tinte^ as 
well as the double refraction, can be calculated by the veiy 
same laws as in regular crystals, mutatis mutandis. 

If the plate E F D C is keated equaUy aQ round, the fringes 
are produced with more reigularity and quickness; and if the 
plate, first heated in oil or otherwise, is cooled equally all 
round, it will develope the same fringes, but the central ones 
at a 6 will in this last case be positive, and the outer ones at 
£ F and C D negative. 

Similar efiects to those above described may be produced in 
similar plates of rock salt, obsidian, fluor spar, oopeJ, and other 
solids that have not the doubly re&actiii£f structure. 

A series of splendid phenomena are produced by crossing simi- 
lar or dissimilar plates of glass when their fringes are devdoped. 
When similar plates of glass, or those in which the fringes are 
produced by heat, as in^^. 119., are crossed, the curves or lines 
of equal tint at the square of intersection, A B C D, Jig, 120L, 

will be hyperbolas. The tint at the 
centre wiU be the diflerence of the 
central tints of each c^the two plates^ 
and the tints of the succeeding hy- 
perbolas will rise gradually in the 
scale above that central tint If the 
tints produced by each plate me 
precisely the same, and the plates of 
the same shape, the central tints will 
destroy each other, the hyperbolas 
will be equilateral ones, and the tints 
will gradually rise from the zero of 
Newton's scale. 
When dissimilar plates are crossed, as in fig, 121., viz. one 
in which the fringes are produced by heat with one in whidi 
they are produced by cold, the lines of equal tint in the square 
of intersection A B C D (Jig, 121.), will be ellipses. The tints 
in the centre will be equal to the sum of the separate tints^ 
and the tints formed by the combination of the external frinees 
will be equal to their difierence. If the plates and their tints 
are perfectly equal, the lines of equal tint will be circles. The 
beauty of these combinations can be understood only from ccJ- 
ored drawings. When the plates are combined lengthwise, 
they add to or subtract from each other's efiect, according as 
similar or dissimilar fringes are opposed to one another. 
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Spheres of glass^ d-c. with an infinite number of axes 
of double refraction, 

8.) If we place a sphere of glass in a fi^Iass trough of hot 
id observe tlie system of rings^ while the heat is jmadng 
I centre of the sphere, we shall find it to be a regukur 
n, exactly like that in fi^. 98. ; and it will saSer no 
;e by turning the sphere m any direction. Hence the 
e has an infinite number of positive axes of doable re- 
ya, or one along each of its diameters. 
I very hot sphere of glass is placed in a glass trough of 
)il, a similar system will be produced, but the axes will 
negatiife, 

^heroids of glass with one axis of double refraction 
rig the axis of revolution and two axes along the eqwh 
•4x1 diameters, 

9.) If we place an oblate spheroid in a glass trough of 
I, we shall find that it has one axis of positive double 
tion along its shorter axis, or that of revolution ; but if 
"ansmit the polarized light along any of its equatorial 
ters, we shaU find that it has two axes of double refirac- 
he black curves appearing as in fig. 116. when the axis 
olution is inclined 45° to the plane of primitive polari- 
, and changing into a cross when the axis is parallel or 
idicular to the plane of primitive polarization. 
i very same phenomena will be exhibited with a prolate 
>id, only the black cross opens in a difierent plane when 
70 axes are developed. 

posite systems of rings will be developed in both these 
if hot spheroids are plunged in cold oU. 
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The reason of using oil is to enable the polarized light to 
pass through the spheres or spheroids without refraction. The 
oil should have a refractive power as near as possible to that 
of the glass. 

A number of very curious phenomena arise from heatiog; 
and cooling glass tubes, or cylinders, along their axes ; the 
most singular variations taking place according as the heat 
and cold are applied to the circumference, or to the axis, or to 
both. 

(8.) Influenjce of heat on regular crystals, 

(140.) The influence of uniform heat ahd cold on regnlsr 
crystals is very remarkable. M. Fresnel found that heat duates 
sulphate of lime less in the direction of its principal axis 
than in a direction perpendicular to it ; and professor Mitscher- 
lich has found that Iceland spar is dilated by heat in the di- 
rection of its axis of double refraction, while in all directions 
at right angles to this axis it contracts ; so that there must be 
some intermediate direction in which there is neither contrac- 
tion nor dilatation. Heat brings the rhomb of Iceland spar 
nearer to the cube, and diminishes its double refraction. 

In applying heat to sulphate of lime, professor Mitscheiiksb 
found that the two resultant axes (P, P, Ji^. 106.) gradually 
approach as the heat increases, till they unite at O, and form 
a single axis. By a still farther increase of heat they open 
out on each side towards A and B. A very curious fact of^ an 
analogous kind I have found in glauberite, which has one axis 
of double refraction fbr violet^ and two axes for red light 
With a heat below that of boiling water, the two resultant 
axes (P, P, Jig, 106.) unite at O, and, by a slight increase of 
heat, the resultant axes again open out, one in the direction 
O A, and the other in the direction O B. By apjdying cold, 
the single axis for violet light at O opened out into two at P 
and P. At a certain temperature the violet axis also opened 
out into two, in the plane A B. 

2. On the permanent Influence of svMen Cooling, 

(141.) In March, 1814, 1 found that glass melted and sud- 
denly cooled, such as prince Rupert's drops, possMsed a per- 
manent doubly refracting structure ;* and in December, 1814* 
Dr. Seebeck published an account of analo^us experiments 
with cubes of glass. Cylinders, plates, cubes, spheres, and 
spheroids of glass, with a permanent doubly refracting struo- 

» Letter to Sir Joseph Banks, April 8. 1814. PhU. Trans. 1814. 
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J be formed by bringing the glass to a red heat, and 
it rapidly at its circnn^rence, or at iti edgea As 
lid bodies often lose their shape in the process, the 
y of their structure is afi^ted, and liie system of 
fringes injured ; so that the phenomena are not pro- 
) perfectly as during the transient influence of heat 
L It is often nece»ry, too, to grind and pohsh tiie 
afresh : an operation during which the solids are 
oken, in consequence of the state of constraint in 
le particles are held. 

ndless variety c^ the most beautiful optical figores 

produced by cooling the glass upon metallic patterns 

being the best conductors) applied symmetrically to 

&ce of the glass, or symmetrically round its circum- 

The heat may be thus drawn on from the glass in 

any form or direction, so as to give any variety what- 

ts structure, and, consequentlv, to the optical figure 

produces when exposed to polarized light 

In all doubly refracting crystals the form of the 

independent of the external shape of the crystal ; 

;lass solids that have received the doubly refracting 

>, either transiently or permanently, fitmi heat, the 

pend entirely on the external shape of the solid. !£, 

19., we divide the rectangular plate E F D C into two 

rts through the line a 6, each half of the plate will 

same structure as the whole, viz. a negative and two 

structures, separated by two dark neutral linea In 

iner, if we cut a piece of a tube of glass, by a notch, 

its circumference to its centre, or if we alter the 

cylindrical plates and spheres, &c., by grinding them 

irent external figures, we produce a complete change 

! optical figures which they had previously exhibited. 

)n the Influence of Compression and Dilatatum. 

If we could compress and dilate the various solids 
antioned with the same uniformity with which we can 
. cool them, we should produce the same doubly re- 
structures which have been described, compression 
ation always producing opposite structures, 
nfiuence of compression and dilatation may be well 
I by taking a strip of glass, A B D C, Jig, 122., and 
it by the force of the hands. When it is held in the 
Bjjig, 94., with its edge A B inclined 45^ to the plane 
:ivc polarization, the whole thickness of the glass will 
sd with colored fringes, consisting of a negative set 
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separated from a positive set by the dark nei]Aral line M 
The fringes on the convex side A B are negative^ and th< 




on the concave side positive. As the bending force increas 
the tints increase in number ; and as it diminishes, they 
minish in number, disappearing entirely when the plate 
glass recovers its shape. The tints, which are those of N< 
ton's scale, vary with their distances from M N ; and wl 
two such plates as that shown in Jig. 122. cross each otl 
they produce in the square of intersection rectilineal firin 
parallel to the diagonal of the square which joins the an^ 
where the two concave and the two convex sides of the pit 
meet 

When a plate of bent glass is made to cross a plate c\ 
tallized by heat, and suddenly cooled, the fringes in the squ 
of intersection are parabolas, whose vertex will be towi 
the convex side of the bent plate, if the principal axis of 
other plate is positive, but towards the concave side, if t 
axis is negative. 

The euecis of compression and dilatation may be most 
tinctly seen by pressing or dilating plates or cylinders 
calves*-feet jelly or soft isinglass. 

By the application of compressing and dilating force 
have been able to alter the doubly refracting structure 
regularly crystallized bodies in every direction, increasing 
diminishing their tints according to the direction in which 
forces were applied.* 

The most remarkable influence of pressure, howevei 
that which it produces on a mixture of resin and white v 
In all the cases hitherto mentioned of the artificial produc 
of double refraction, the phenomena are related to the si 
of the mass in which the change is induced : but I have I 
able to communicate to the compound above mentione 
double refraction, similar to that which exists in the parti 
of crystals. The compressed mass has a single axis of dd 
refraction in every parallel direction, and 9ie colored r 
are produced by the inclination of the refracted ray to 
axis according to the same law as in regular crystals. If 

''' See Edinburgh Transactions, vol. viii. p. 381. 
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. remove the compressed film, any portion of it will be feund to 
bave one axis of double refraction like portions of a film of 
anj crystal with one axis. The important deductions which 
this experiment authorizes will be noticed at the ccxiclusion 
of this part of the work. 

4. On the Influence of Induration, 

(144.) In 1814 I had occasion to make some experiments on 
the influence of induration in communicating double refraction 
to soft solids. When isinglass is dried in a glass trough of a 
circular form, it exhibits a system of tints with the bla(% cross 
exactly like negative crystals with one axis. When a thin 
cylindrical plate of isinglass is indurated at its circumference, 
it produces a system of rings with one positive axis. If the 
tniugh in the first of these experiments and the plate in the 
Kcond are oval, two axes of double refiraction will be ex- 
hibited. 

When jelly placed in rectangular troughs of ^lass is grad- 
oally indurated, we have a positive and a negative structure 
developed, and these are separated by a black neutral line. 
If the bottom of the trough is taken out, so as to aUow the 
induration to go on at two parallel surfaces, tlie same fringes 
tre produced as in a rectangular plate of glass heated in oil, 
tod subsequently cooled. 

Spheres and spheroids of jelly may be made by proper in- 
dnntion to produce tlie same enects as spheres and spheroids 
of glass when heated or cooled. The lenses of almost all 
animals possess the doubly refracting structure. In some 
there is only one structure, which is generally positive. In 
others there are two structures, a positive and a negative one ; 
ind in many there arc three structures, a negative between 
two positive, and a positive between two negative structures. 
In some instances wc have two structures of the same name 
together. By the process of induration we may remove en- 
tirely the natural structure of tlie lens, especially when it is 
Qiherical or spheroidal, and superinduce the structure arising 
ffom induration. I have now before me a spheroidal lens of 
the boneto fish, with one beautiful system of rings along the 
axis of the spheroid, and two systems along the equatorial 
diameters. I have also several indurated lenses of the cod, 
that display in tlie finest manner their doubly re&acting 
itnicture. 

S 
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CHAP. XXIX. 

PHENOMENA OF COHPOSITE OR TE8SELATED CRT8TAIA 

(145.) In all regularly formed doubly refi:actin|r crystals, the 
separation of tiie two images, the size of the nngs, and the 
value of the tints, are exactly the same in all parallel direo- 
tiona If two crystals, however, have ^wn together with 
their axes inclined to one another, and if we cut a plate out 
of these united crystals so that the eye cannot distinmiish it 
from a plate cut out of a single crystal, the exposure ca socha 
crystal to polarized li^ht will instantly detect its compoote 
nature, and will exhibit to the eye the very line of junctico. 
This will be obvious upon considering that the polanzed rav 
has different inclinations to the axis of each crystal, and will 
therefore produce different tints at these different inclinatinnft 
Hence the examination of a body in polarized light fumidiefl 
us with a new method of discovering structures tohick oon- 
not be detected by the microscope^ or any other method of 
observation. 

A very fine example of this is exhibited in the htpyreaiiid 
sulphate •/ potash, which Count Boumon and other ciyslit 
lographers regarded as one simple crystal, whose primitive 
form was the bipyramidal dodecahedron, like the crystel rimn 
in^^. 112. But by cutting a plate perpendicular to the azii 
of the pyramid, and exposing it to polarized light, I ibund it 
to be composed of several crystals, all united so as to ferm the 
regular figure above represented. The crystal has two axes 
of double refraction, and the plane passing through the two 
axes of one, is inclined 60^ to the plane passing uirou^ the 
two axes of each of the other two. So that when we rndine 
the plate, each of the three combined crystals displays diffeient 
colors. I have found many remarkable structures of this kind 
in the mineral kingdom, and among artificial ^ts ; Inlt two 
of these are so interesting as to merit particular notice. 

(146.) The apophyllitc from Faroe generally crystalliies in 
right-angled square prisms, and splits with great facility into 
plates by planes perpendicular to the axis of the prism. If 
we remove with a sharp knife the uppermost slice, or the wi" 
dermosty it will be found to have one axis of double refractioDf 
and to give the single system of rings shown in J^. 98. If 
we remove other slices in the same manner, we shall find 
that when exposed to {wlarized light they exhibit the curious 
tesselated structure shown in ^g, 123. The outer case, 
M O N P, consists of a number of jiarallel veins or platcfl. In 
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lated to certain fixed points within the ciystaL In the middlg 
of the crystal, half way between m and n, there are onlyjtii 
fringes or ordera of colora; at points equi-distant from thii 
there arc six fringes, the sixth returning into itself in tbt 
form of an oiial. At other two equidistajit points near m and 
n, the 3d, 4lh, and 6tli fringes are singularly serrated, and the 
6th and Tth fringes return into themselves in the form oft 
■^tuire ; beyond this, near m and n, there are only four fiingei, 
in consequence of the iiflh returning into itself. 

(147.) A composite structure of a very different kind, tint 
extremely interesting from the eSecta which it produces, " 
exhibited in many ciystals of Iceland spar, which are iaU 
sected by parallel films or veins of various thicknessea, u 
shown in fig. 126. These ihin veins or strata are perpendio- 
j^. isg, ular to the short diagonals E F, 6 H d' tbi 

faces of the rhomb, and parallel to the edgei 
B G, F H. When we look perpendiculailj 
>,r through the faces AEBF, DGCH,tlfi 




pass through any of the pltm 
eg, A it C D, a/h d, and consequentlf 
shall only see two images of any olged 



K juat as if the planes were not there. But if 
we look through any of the other two pair 
of parallel faces, wc shall obeerve the tvo 
common images at their usual distance ; and at a much gceatet 
distance, two secondary images, one on each side of the oaa* 
mon images. In some cases there are /our, end in other caem 
six, secondary images, arranged in two lines ; one line being 
on each side of the conunon miages, and perpendicular to tlie 
line joining their centres. When the interrupting planes are 
numerous, and especially wlien they are also found ferpeor 
dicular to the short diagonals of the other two ^ces i/tbe 
rhomb that meet at B, the obtuse summit, tiie seconduy 
images are extremely numerous, and sometimes arranged in 
pyramidal heaps of singular beauty, vanishing, and reappea> 
mg, and changing their color and the intensity of their hght, 
by every inclmation of the plate. If the light of the lumuwus 
object is polarized, the phenomena admit of still greater va- 
riation& When the strata or veins are thick, the images are 
not colored, but have merely at their edges the colors of re- 
fracted light. 

Malus considered these phenomena as produced by Bmutm 
or cracks within the crystal, and he regarded the colors as 
those of thin plates of air or space; but I have found that tiiey 
are produced by veins or twin crystals firmly united together 
so as to resist separation more powerfully than the natural 
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deavage planes, and I have fiiund this hoth crystallognphicallT, 
Iff measaring the angles of the veins, and opticallv, by ob- 
lerving the sjnstem of rings seen through the veins alone. 

This composite structure will be understood fsom fig. 127., 
vhere A B 1) C is the principal section of a ihomb of Iceland 

Fig.isn. 




spar whose axis is A D. The form and position of one of the 
intersecting veins or rhomboidal plates, is shown at M m N n, 
mt greatly thicker than it actually is; the angles Am M, and 
D n M, bemg 141^ 44'. A ray of common liffht R 6, incident 
•m the fiice A C at 6, will be refracted in me lines hc^hd, 
rhese rays entering the vein M m N n, at c and d, will be 
igain remicted doubly ; but as the vein is so thin as to produce 
tSe complementary colors of polarized light by the interference 
of the two pencils which compose each of the pencils c e, df^ 
these coknrs will depend on tiie thickness of the vein M N, 
and on the inclination of the ray to the axis of the plate M N. 
These double pencils will emerge from the vein at e,yj and 
will be refiracted again as in the figure into the pencils e 9ii, 
en,/ Off p; the colors of cn,/o, bemg complementanr to 
those of e 191, /jp. That the multiplication and color of the 
images are owing to the causes now explained minr be proved 
ocumrly, as I have done, by dividing rhombs of calcareous 
mr, and inserting between them, or in grooves cut in a single 
plate of calcareous spar, a thin film of sulphate of lime or 
mica. In this way all the phenomena of the natural compound 
ciystal may be reproduced in the artificial one, and we may 
sive great variety to the phenomena by inserting thin films in 
dififerent azimuths round the polarized pencils 6 c, 6 <2, and at 
di^rent inclinations to the axis of double refiraction. 

The componnd crystal shown in fig, 127. is in reality a 
natural polarizing apparatus. The part of the rhomb A m N C, 
polarizes the incident light R b. The vein M N is the thin 
crystallized vein whose colors are to be examined ; and the 
peirt B M n D, is the analyzing rhomb. 

Vanous other minerals and artificiid crystals are intersected 

S2 
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with analogous veins, and produce analogous pheDomaLi 
There are several composite crystals which exhibit remarUbbl 
peculiarities of structure, and display curious optical pl» 
nomena by polarized light The Brazilian topaz is one of' 
those which is worthy ot notice, and whose properties I have 
explained by colored drawings, in the Second volume of tiie 
Cambridge Transactions. 

For a mil account of the properties of composite ciyflti^ 
and of the multiplication of images by the cijstals « cat 
careous spar that are intersected by veins, we refer the redter 
to the Edinburgh Transactions, voL ix. p. 317., and the PhSL 
Trans,, 1815, p. 270. ; or to the Edinburgh EncydopeUtt 
art Optics. 



CHAP. XXX 

ON THE DICH&OISM, OR DOUBLE COLOR, OF BODIBB; AHD 
THE ABSORPTION OF POLARIZED LIGHT. 

(148.) If a crystallized body has a different color in difierent 
directions when common light is transmitted through its 
substance, it is said to possess dichroism, which signifies two 
colors. Dr. Wollaston observed this property long ago in the 
muriate of palladium and potash, which appeared of a ieef 
red color along the axis, and of a vivid green in a transverse 
direction ; and M. Cordier observed the same change of color 
in a mineral called iolite, to which Haiiy gave the name of 
dichroite, Mr. Herschel has observed a similar fact in a 
variety of siiboxysvlphate of iron, which is of a deep hlooi 
red color along the axis, and of a ligM green color perpen- 
dicular to the axis. In examining this class of phenomena, I 
have found that they depend on the absorption of lififht, being 
regulated by the inclination of the incident ray to the axis of 
double refraction, and on a difference of color in the two 
pencils formed by double refraction. 

In a rhomb of yellow Iceland spar, the extraordinary image 
was of an orange yellow color, while the ordinary image was 
yellowish white along the axis. The color and intensity of 
the two pencils were the same, and the difference of color and 
intensity increased with the inclination to the axis. When 
the two images overlapj)ed each other, their combined color 
was the same at all an tries with the axis, and tliis color was 
that of the mineral. If we expose the rhomb to polarized 
light, its color will be orange yellow in the position where the 
ordinary image vanishes, and yellowish white in the position 
where the extraordinary image vanishes. The crystals in the 







ABSORPTION OF POLARIZED LIGHT. 



211 



rifftUowhuf Table possess the same properties, the ordmary and 
z^extmot&miy images having the colors opposite to their 



oames: — 



- 



Cdors qf the ttco Images m Crystals toith OXE Axis. 



■ 



of CryaUIa. 



Zircon. 
Sapphire. 

Emerald. 

Emerald. 

Beryl, blue. 

BeiyU green. 

Beiyl, yellowish 
green. 

Rock crystal, near- 
ly transparent. 

Rock crystal, yellow. 

Amethyst 

Amethyst. 

Amethyst. 

Tourmaline. 

Rnbellite. 

Idocrase. 

Afelhte. 

Apatite lilac. 

Apatite olive. 

FboBphate of lend 

ledand spar. 

Octohednte. 



rrincipal H4>rlioa In Flu* 
iif roliriutiuB. 



BniwHiKh white, 
yellowish greoiL 
Pule yellow. 
Yellowish green. 
Bhiitih grcon. 
Bluish white. 
Whiti«h. 

Pale yellow. 

WliitislL 

Yellowish white. 
Blue. 

Greyish white. 
Reddish yellow. 
Greenish white. 
Reddish white. 
Yellow. 
Yellow. 
Bluish. 
Bluish green. 
Bright green. 
Orange yellow. 
Wliiiisli brown. 



Friw4yal ntetkm, prrpndkalu 
to riuM of folulaUMk 



Deeper bro^iL 

Blue. 

Bright pink. 

Bluish ^prcetL 

Yellowish green. 

Blue. 

Bluish green. 

Pale green. 

Faint brown. 

Yellow. 
Pink. 
Uiiby red, 
Bluish green. 
Bluish green. 
Fuint reel. 
Green. 
Bluish white. 
Reddish. 
Yellowish green. 
Ornngo yellow. 
Yellowish white. 
Yellowish brown. 



(149.) When the crystals have two axes of double rcfrac- 
tioo, the absorption of the incident rays produces a variety of 
pbenomena, at and near the two resultant axes. These phe- 
nomena are finely displayed in iolUe, Tliis mineral, which 
QTstallizes in six and twelve-sided prisms, is of a deep blue 
eoiQT wlien seen along tlie axis, and of a brownish yellow 
when seen in a direction perpendicular to tiie axis of the 
prisnL When we look along the resultant axes which are 
iaclined 62° 50' to one another, we see a system of rings 
which are pretty distinct when the plate is thin ; but when it 
is thick, and when the plane passing tlirough the axes is in 
the plane of primitive polarization, branches of blue and white 
light are seen to diverge in the form of a cross from the centre 
or the ffystem of rings. This curious effect is shown in Jiff,* 
128., where P, P', are the centres of the two systems of rings, 
the principal neorative axis of tlie crystal, and C D the plane 
passii^ through flie axes. The blue branches, which are 
shaded in the figure, are tipped witli purple at tlieir summits 
P, P', and are separated by whitish light in some specimens, 
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and by bluish light in otben. Fvm} 
and P'to O, the white or vellowielilqlt 
becomes more and more bloe, and It 
it ta quite blue ; while from P and P k 
C aod D it bectHnes uvuv and nm 

E!lIow, and at C and D it is quite y^ 
w, the yellow being almost eqialtf 
bright in the phne A C B D, peiroadifr 
ular to the prmcipol axis O. When til 
plane C D is perpendicolu b> the phtt 
of primitive pdariatioo, the polee P, P* are marked wift 
patches (df white or yellowish light, bat everywhere abe tkl 
Lght ia a deep blue. 

When ex^iiued l^ common light, we find that the orAur; 
image is hnncnuh yeUmn at C and D, and the extraoidiaaiT 
one faint blue ; the former acquiring some blue niy^ and W 
latter some yellow aaee ftaai C to D, and from A to B when 
there is still a great difference in the color of the imag«t 
The yellow image becomes lainter iiom A to P and P', ud 
from B to P and F', where it changes into idue, the fecUe 
blue image being giadually reinforced by other blue nya till 
the intensity of tl^ two blue images is nearly eqoaL 'Ot 
bint blue image increases in intensity &om C to P, and fiw 
D toP', and the yellow one acquires an acceffiionDfUaeli^ 
and becomes bluish white from P and P' to O ; the ordmij 
image is whitish, and the other a deep blue ; but the irtit^ 
« gradually diminishes towards O, where the two iaaM 

_. .^ "-"^lue. The fbUowing table will show tut 

in many other crystals: — 



Cchrio/ththc 


Imagtt i» CiytuJt nA two Am* 


,^«o„»^ 


""-"Ui"..^™"" " 


'"^i-fsssi- 


TopQ»bl«o. . 


While. 


Blue. 


green. 


While. 


Green. 


greeni^ blu« 


Reddieb grey. 


Blue. 


pink. 


Pink. 


While. 


^A. yoUow. 


Pink. 


Yellow. 


yellow. 


VellowiBh white. 


Otange. 


^r^l 






Lemon yellow. 


Fi^e. 


yellow. 


Lemon yellow. 


VellowiA white. 


orange yellow 


Gamboge yellow. 


Yellowiib whil» 


CvanLlfl. 


While. 


Blue. 


DiduoHe. 


Blao. 


Yeltowidi while- 


Cym^ane. 


Yellowish while. 


Yellowish. 


Epidole olive green. 


Brown. 


Sap green. 


wliuish gfBcii 


Pink while. 


YeVlSwirii while. 


Mira. 


Re-Widi brwn. 


Redd bih white. 
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)wmg table shows the color of the images in cry9- 
^o axes which have not been examined. 



f tf'*viWMt«W 


Axil uf Priqm in PiBBe of 


.\ji)« uT rr»a Kipnttevlu 




PoUlilatiiW. 


III PiwM of PotaiteHoa. 




Hlotxi rwl. 


Pale grecuiflh yeUow. 


f copper. 


Blue. 


(irceniithyelk>w. 


>f copper.* 


(jlrwHish wliitc. 


Blue. 




Bluish gn'cii. 


(•recnish yclluw. 




\\A\^^^s. 


Bhli:<h. 


f copper. 


lUuis>h white. 


Blue. 


i of lua<i. 


Orange. 


Blu(xl red. 


e. 


Brownish red. 


YellowiBli white. 




BI(mk1 hhI. 


Bright green. 
I'nle yellow. 


e. 


Bright pink. 




KejidLvh white. 


YellowMi white. 




Bn)wniHh white. 


White. 




YeUow. 


Deeper yellow. 


of strontia. 


Blue. 


Bliiii«h white. 


— cobult. 


Pink. 


Brick red. 




Bn)wn. 


Bn>wnitfh wliite. 



Lst nine crystals in the preceding table, the tints are 
n relation to any fixed line. 
Dwing list contains the colors of the two pencils, in 
hose number of axes is not yet known. 



f iron, 
d. 

late of ? 

(one axis.) 
gold and 



n. 



and 
and 



Fine bliie.t 
(jreen. 
Yellow. 
Dark ^reen. 
Greenwh. 

Violet ])lue. 

Whitish brown. 

Lemon yellow. "1 "^ 



Jjcmon yellow. > tl 

i| 
Lemon yellow. J 5** 






Bluish white. 
Greenish white. 
Lighter yellow. 
Tjighter green. , 
Yellowirili. 

Greenish blue. 

Yellowish brown. 

Deep orange.^ 

Deep orange. 

Dee J) orange.^ 



5a 



Jy the application of heat to certain crystals, T have 
to produce a permanent difference in tlie color of 
ncils formed by double refraction. This experiment 
idc most easily on Brazilian topaz. In one of these 
which one of the pencils was yellow and the other 
nd that a red heat acted more powerfully upon the 
ary than upon the ordinary pencil, discharging the 
or entirely from the one, and producing only a slight 

rs are given in relation to the short diagonal of its rhomboit^"* 
to axis of the priani is in the plane of polarization. 
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change apon the pink tint of the other. When the topa: 
hot, it was perfectly colorless; and, during the process of 
ing, it gradually acquired a pink tint, which could n 
modified or renewed hy the most intense heaX- In vs 
topazes, the color of whose two pencils was exactly the s 
heat discharges more of the color firom one pencil thai 
other, and thus gives them the power of absorbing lig 
reference to the axes of double refraction. 



General Observations on Double Refraction. 

(151.) Hie various facts which have been explained i 
preceding chapters, enable us to form very plausible opi 
respecting the origin and nature of the doubly refia 
structure. The particles of bodies reduced to a stat 
fluidity by heat, and prevented by the same cause from 
binmg into a solid body, exhibit no double refraction ; an 
like manner, the particles cf crvstallized bodies, inch 
metals when existing in a state of solution, exhibit no d 
refraction. As soon, however, as cooUng in the one case 
evaporation in the other, permits the particles to comlu] 
virtue of their mutual aMnities, these particles have, s 
quent to the action of the forces by wmch they combine 
quired the doubly refracting structure. This effect me 
accounted for in two ways ; either by supposing that the 
tides have originally a doubly refracting structure, or 
they have no trace of such a structure. On the first of 
suppositions, we must ascribe the disappearance of the d 
refraction in the fluid mass, and, in the solution, to the op{ 
action of the particles, which must have had an axis in c 
possible direction ; but as no double refraction is visible, 
more philosophical to suppose that none exists in the part 
On the second supposition, then, that the particles hav 
doubly refracting structure, it is easily understood how it 
be produced by the compression of any two particles brc 
together W attraction ; for each particle will have an ax 
double remiction in the direction of the line joining 
centres, as if they had been compressed by an external f 
By following out this idea, which I have done elsewhei 
have shown now the various phenomena may be explaine 
the different attractive forces of three rectangular axes, v 
may produce a single negative axis, a single positive ax 

* Pkil. TVansactionSt 1829, or Edinburgh Journal of Science, new i 
vol. vi. p. 338-337. 
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either both positive or both negative, or the one 
ive and the other negative. The influence of heat, in 
jpng the intensity of the two axes of sulphate of lime, 
m removing one of the axes, or in creating a new one, 
' of an easy explanation on these principles. 



PART HI. 

ON THE APPUCATION OP OPTICAL PRINCIPLES TO THE 
EXPLANATION OF NATURAL PHENOMENA. 



CHAP. XXXI. 

ON UNUSUAL I^EFBACTION. 

(15GL) The atmosphere in which we live is a transparent 



of air possessing the property of refracting liffht We 
learn fitxn the barometer that its density gradually diminishes 
Is we rise in the atmosphere, and, as we know from direct 
Biqieriment that the refractive power of air increases with its 
ieosi^, it follows, that the refractive power of the atmos]^ere 
i groLtest at the earth's surface, and gradually diminishes 
m the air becomes so rare as scarcely to be able to pro- 
luoe any efiect upon light When a ray of light falls ob- 
iqoely upon a medium 3ius varying in density, in place of 
MBg bent at once out of its direction, it will be gradually 
nore and more bent during its passage through it, so as to 
novo in a curve line, in the same manner as if the medium 
ind consisted of an infinite number of strata of different re- 
Sactive powers. In order to explain this, let £, Jig. 129., be 
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the earth, surrounded with an atmosphere A B C D, consiitiif 
of four concentric strata of different densities and di&iat 
refractive powers. The index of refraction for air at tiv 
earth's surface heing 1-000,294, let us suppose that the ioda 
of the other three strata is 1*000,200, 1-000,120, 1-00(^)611 
Let B E D he the horizon, and let a ray S n, proceeding fioi 
the sun under the horizon, fall on the outer stratum at % 
whose index of refraction is 1*000,0601 Drawing the pe^ 
pendicular E n tti, find by the rule ^rmerly given the ait|^ 
of refraction, E n «, corresponding to the angle of inddence 
S 71 m. When the ray n a falls on the second stratum at i, 
whose index of refraction is 1*000,120, we may in like 
manner, bv drawing a perpendicular Eap, find the refincted 
ray a b. In the same way, tlie refracted rays 6 c and c i may 
be foimd. The same ray S n will therefi)re have been re* 
fracted in a polygonal Ime nahcd^ and as it reaches the ere 
in the direction c rf, tlie sun will be seen in the direction ico^ 
elevated above the horizon, by tlie refraction of the atmosphere^ 
when it is still below it In like manner it might be diown 
that the sun appears above the horizon by refraction, when he 
is actually below it at sunset 

Although the rays of light move in straight lines m wkw 
and in all media of uniform density, yet, on the surface of tbe 
globe, the rays proceeding from a distant object, must neoa> 
sarily move in a curve lino, because they must pass through 
portions of air of different densities and refractive powen 
Hence it follows that, excepting in a vertical line, no object, 
whether it is a star or planet beyond our atmosphere, or is 
actually within it, is seen in its real place. 

Excepting in astronomical and trigonometrical observatiaB^ 
where the greatest nccuracy is necessary, this refitiction of the 
atmosphere does not occasion any inconvenience. But fiinoe 
the density of the air and its refractive power vary greatly 
when heated or cooled, great local heats or local colds will 
produce great changes of refractive power, and give rise to 
optical phenomena of a very interesting kind. Such phenom- 
ena have received the name of unusual refracticny and they 
are sometimes of sucli an extraordinary nature as to resemble 
more the effects of magic than the results of natural causes. 

(153.) The elevation of coasts, mountains, and ships, when 
seen over the surface of the sea, has long been observed and 
known by the name of loomhi^, Mr. Iluddart described 
several cases of this kind, but particularly the very interesting 
one of an inverted image of a ship seen beneath tlic real ship^ 
T)r. Vince observed at Ramsgate a ship, whose topmasts only 
were seen above the horizon ; but he at Uie same time ob- 
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n the field of the telescope through which he was 
two images of the complete ship in the air, both di- 
ove the ship, the uppermost of the two being erect, 
other inverted. He then directed his telescope to 
;hip whose hull was just in the horizon, and he ob- 
complete inverted image of it; the mainmast ci 
. 130. which just touched the mainmast cf the 

ship itself. The first of these two phe- 
nomena is shown in Jig. 130. in which A 
is the real ship, and B, C the images seen 
by unusual refraction. Upon looking at 
another ship, Dr. Vince saw inverted 
images of some of its parts which sud- 
denly appeared and vanished, "first ap- 
pearing," says he, "below, and running 
up very rapidly, showing more or less of 
the masts at different times as they broke 
out, resembling in the swiftness of their 
breaking out the shooting of a beam of the 
aurora borealis." As the ship continued to 
descend, more of the image gradually ap- 
peared, till the imaffe of the whole ship 
^yv^ was at last completed, with the mainmasts 
^^■~ in contact When the ship descended still 




le image receded from the ship, but no second image 
1. Dr. Vince observed another case, shown in Jig, 



g- 131. 




131., in which the sea was distincUy 
seen between the ships B, C. As the 
ship A came above the horizon, the image 
C gradually disappeared, and during this 
time the image B descended, but the ship 
did not seem so near the horizon as to 
bring the mainmasts together. The two 
images were visible when the whole ship 
was beneath the horizon. 

Captain Scoresby, when navi^ting 
the Greenland seas, observed several very 
interesting cases of unusual refraction. 
On the 28th of June, 1820, he saw from 
the mast-head eighteen sail of ships at 
tlie distance of al»ut twelve miles. One 
of them was drawn out, or lengthened, 
in a vertical direction ; another was con- 
tracted in the same direction ; one had an 
inverted image immediately above it; 
and other two had two distinct inverted 
T 
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images above them, accompanied with two images of the stiate 
of ice. In 18^ Captain Scoresby recognized his &thei^ 
ship, the Fkme, by its inverted image in the air, although tk 
ship itself was below the horizon. He aflerwajds found that 
the ship was seventeen miles beyond the horizon, and its dis' 
tance thirty miles. In all these cases, the image was diiecth 
above the object ; but on the 17th of Septemter, 1818, liOL 
Jurine and Soret observed a case of unusual refraction, where 
the image was on one side of the object A bark about 4000 
toises distant was seen approaching Geneva by the left bank 
of the lake, and at the same moment there was seen above 
the water an image of the sails, which, in place of fbUowin^ 
the direction of the bark, receded from it, and seemed to ap- 
proach Geneva by the right bank of the lake ; the image aul- 
ing from east to west, while the bark was sailing fitxn noidi 
to south. The image was of the same size as the object when 
it first receded from the bark, but it grew less and less as it 
receded, and was only one-half that of the bark when the 
phenomenon ceased. 

While the French army was marching through the sandy 
deserts of Lower Egypt, they saw various phenomena of un- 
usual refraction, to which they gave the name df ndnge* 
When the surface of the sand was heated by the sun, tiie 
land seemed to be terminated at a certain distance by a geneiil 
inundation. The villages situated upon eminences appealed 
to be so many islands in the middle of a great lake, and under 
each village there was an inverted image of it As the aimy 
approached the boundary of the apparent inundation, the 
imaginary lake withdrew, and the same illusion appeared 
round the next village. M. Monge, who has described these 
appearances in the Memoires sur rE^ypiej ascribes them to 
reflexion from a reflecting surface, which he supposes to take 
place between two strata of air of different densities. 

One of the most remarkable cases of mirage was observed 
by Dr. Vince. A spectator at Ramsgate sees the tops of the 
four turrets of Dover Castle over a hill between Ramsgate 
and Dover. Dr. Vince, however, on the 6th of August, 1§06, 
at seven p. m., saw the whole of Dover Castle, as if it Ind 
been brought over and placed on the Ramsgate side of the hiH j. 
The image of it was so strong that the hill itself was not seen (i 
through the image. 

The celebrated /rt/a morgana, which is seen in the straits 
of Messina, and which for many centuries astonished the vul- 
gar and perplexed philosophers, is obviously a phenomenon of 
this kind. A spectator on an eminence in the city cf Reggio^ 
with his back to the sun and his face to the sea, and when the 
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)un shines I¥oiii that point whence ita mcident ny 
a angle of about 45° on the sea of Reggio, aees upm 
er numbcrlesa series of pilasters, arches, castles well 
ted, regular columns, lofty towers, superb pataces witb 
s and windows, villages and trees, plains with herda 
:kg, armies of men on Foot aitdon horseback, aJl paasmg 
in Bucceesion on the surface of the sea. These Buno 
are, in particular slates of the atmosphere, Been in the 
jgh less vividly ; and when the air is hazy, they ara 
tiie surface of the sea, vividly colored, or fringed with 
prismatic colors. 

) That the phenomena above described are generally 
■d by refraction through strata of air of different den- 
.lay be proved by various experiments: In ordei to 
« this. Dr. Wollaston poured into a square phial (j^. 
small quanlity of clear lymp, and above this he poured 
■ig. 13a. °^ equal quantity of leater, which grad- 

ually combined with the (^rup, as seeu-at 
A. The word St/rup upon a card held 
ehind the bottle appeared erect when 
seen through the pure syrup, but inverted, 
as represented in the figure, when seen 
through the mixture of water and syrup. 
Dr. Wollaaton then put nearly the aame 
uantity of rectified rpirit of mine above 
the ieater, as in the same figure at B, and 
e saw the appearance there represented, 
the true place of the word Spirit, and 
the inverted and erect images below. 
Analogous phenomena may he seen hf 
at objects over the surface of a hot poker, or along 
'ace of a wall or painted board heated by the sun. 
late Mr. H. Blackadder has described some phenomena 
vertical and lateral miia^ as seen at King Geor^'s 
Lcith, which are ve^ instructive. The extenave 
:, of which this bastion rnmis the central part, is formed 
blocks of cut sandstone, and from this to the eaiteni 
plienomena ire best seen. To the east of the tower 
varh is extended in a stmight line to the distance of 
: It is eight feet high towards the land, with a fixt- 
)Ut two feel broad, and three feet from the ground. 
■apet is three feet wide at lop, and is slighUy inclined 
the sea. 

1 the weather is favorable, the top of the parapet re- 
a mirror, or rather a sheet of tee ; and if in this state 
person stands or walks upon it, an observer at a little 
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distance will see an inverted image of the person under him. 
IC while standing on the footway another person stands on it 
aiso^ but at some distance, with his face turned towards the 
sea, his image will appear opposite to him, giving the appear- 
ance of two persons talking or saluting each other. I^ again, 
when standing on the footway, and looKing in a direction fixxn 
the tower, another person crosses the eastern extremity of the 
bulwark, passing through the water-gate, either to or from 
the sea, ihere is produced the appearance of two persons 
moving in opposite directions, constituting what has been 
termed a lateral mirage : first one is seen moving past, and 
then the other in an opposite direction, with some mterval be- 
tween them. In looking over the parapet, distant objects are 
seen variously modified ; the mountains (in Fife") being con- 
verted into immense bridges ; and on going to the eastward 
extremity of the bulwark, and directing the eye towards the 
tower, the latter appears curiously mcuified, part of it being 
as it were cut off and brought down, so as to form another 
small and elegant tower in the form of certain sepulchral 
monuments. At other times it bears an exact resemblance to 
an ancient altar, the fire of which seems to burn with great 
intensity.* 

(155.) In order to explain as clearly as possible how the 
erect and Inverted image of a ship is produced as in j^. 131., 
let S P (fig. 133.) be a ship in the horizan, seen at £ by 

Fiff.lSL 




means of rays S E, P E passing in straight lines through a 
track of air of uniform density lying between the ship and the 
eye. If the air is more rare at c than at a, which it may be 
from tlie coldness of the sea below a, its refiractive power will 

* » ■ ■ ■ — 

* Edinburgh Journal of Science, No. V. p. 13 
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be leas tt e than at a. In this case, rays S d^ P c, which, 

under odinary circumstances, never could have reached the 

ejeatE^ will be bent into curve lines P c, Sd; and if the 

vamtion of density is such that the uppennost of these lays 

SdcnaeB the other at any point x, then S d wUl be under* 

most, and will enter the eye E as if it came fhxn the lower 

end of the object. If E |i, E s, are tangents to these curves 

or nys^ at the point where they enter the eye, the part S of 

the floip will be seen in the direction £ s, imd the part P in 

the direction E p ; that is, the image s p will be inverted. In 

like manner, oUier rays, S n, P m, may be bent into curves 

8 B £, P m E, which do not cross one another, so that the 

tangent £ a" to the curve or ray S n will still be uf^)ennost, 

and the tangent Ep' undermost Hence the observer at E 

will see an erect image of the ship at a' p' above the inverted 

image a |i, as in Jig. 131. It is quite clear that the state of 

the air may be sudi as to exhibit only one of these images, 

and that these appearances may be all seen when the real ship 

is beneath the hcnrizon. 

In one of captain Scoresby's observations we have seen 
tint the ship vi^as drawn out, or magnified, in a vertical direc- 
tioo, lidiile another ship was contracted or diminished in the 
nme direction. If a cause should exist, which is quite pos- 
aUe, which elongated the ship horizontally at the same time 
flat it elongated it vertically, the effect would be similar to 
dist of a convex lens, and the ship would appear magnified, 
and nug^t be recognized at a distance fiur beyond the limits of 
QDBssiBted vision. This very case seems to have occurred. 
On the 26th July, 1796, at Hastings, at five p. m. Mr. Latham 
aw the French coast, which is about 40 or 50 miles distant, 
IS distinctly as through the best glasses. The sailors and fish- 
omen could not at first be persuaded of the reality of the ap- 
pearance; but as the clifi& gradually appeared more elevated, 
tbey were so convinced that they pointed out and named to Mr. 
Latham the difierent places which they had been accustomed 
to visit : such as the bay, the windmill at Boulogne, St Vallery, 
and other places on the cOlst of Picardy. All these places 
appeared to them as if they were sailing at a small distance 
into the harbor. From the eastern cliff or hill, Mr. lAtham 
aaw at ooce Dungeneas, Dover cliffi, and the French coast, all 
the way from Cabiis, Boulogne, on to St. Vallery, and, as some 
it the fishermen afiSfrmed, as fkr as Dieppe. The day was ex- 
tremely hot, without a breath of wind, and objects at some 
listance appeared greatly magnified. 
This clasB of j^enomena may be well illustrated, as I have 

T2 
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elsewhere'" sug^sted, by holding a mass of heated iron above 
a coEKuderable thiclmess of water, placed in a glass trougfa, 
with plates of parallel glass. By withdrawing the heated 
iron, the gradation of density increasing downwards, will be 
accompanied by a decrease of density from the surftce, and 
through such a medium the phenomena of the mirage may be 
seen. 

(156.) That some of the phenomena ascribed to unosinl 
refraction are owing to unusual reflexion, arising finom di&p- 
ence df density, cannot, we think, admit of a doubL If an 
observer beyond the earth's atmosphere at S, fig. 129., weie 
to look at one composed of strata of different re&active powen 
as shown in the figure, it is obvious that the light of the son 
would be reflected at its passage through the boundary of eadi 
stratum, and the same would happen if the variation of re- 
fractive power were perfectly gradual. Well described cwkb 
c^ this kind are wanting to enable us to state the laws of the 
phenomena; but the following fact, as described by Dr. 
Buchan, is so distinct, as to leave no doubt respecting its oth 
gin. *^ Walking on the cliflT' says he, *^ about a mile to fliB 
east of Brighton, on the morning of the 18th of Novembov 
1804, while watching the rising of the sun, I turned my ejm 
durectly towards the sea just as the solar disc emerged firam 
the sur&ce of the water, and saw the face of the diff oa 
which I was standing represented precisely opposite to me at 
some distance on the ocean. Calling the attention of my 
companion to this appearance, we soon also discovered owr 
own figures standing on the summit of the opposite apparent 
clifl*, as well as the representation of a windmill near at hand. 
The reflected images were most distinct precisely opposite to 
where we stood, and the false cliff* seemed to fiide away, and 
to draw near to the real one, in proportion as it receded 
towards tlie west. This phenomenon lasted about ten minutes, 
till the sun had risen nearly his own diameter above the see. 
The wliole then seemed to be elevated into the air, and suc- 
cessively disappeared, like the drawing up of a drop scene in 
a theatre. The surface of the sea was covered with a dense 
fog of many yards in height, and which gradually receded 
before the rays of the sun. The sun's light fell upon the cliff 
at an incidence of about 73° from the perpendicular." 

♦ Edinburgh Encyclopcodia, art. Heat. 
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CHAP. XXXIL 

ON THE RAINBOW.* 

(157.) The rainbow is, as every person knows, a luminous 
di extending across the region of the sky opposite to the 
m. Under very favorable circumstances, two bows are seen, 
e inner and the outer, or the primary and the secondary^ 
d within the primary rainbow, and in contact with it, and 
ithout the secondary one, there have been seen supernu- 
erary bows. 

The primary or inner rainbow, which is commonly seen 
one, is part of a circle whose radius is 42°. It consists of 
ven diflferently colored bows, viz. violet, which is the inner- 
ost, indigo, blue, green, yellow, orange, and red, which is 
e outermost These colors have the same proportional 
eadth as the spaces in the prismatic spectrum. This bow is, 
erefore, only an infinite number of prismatic spectra, ar- 
i^red in the circumference of a circle ; and it would be easy, 
^ a circular arrangement of prisms, or by covering up all the 
ntial part of a large lens, to produce a small arch of exactly 
e same colors. All that we require, therefore, to form a 
inbow, is a great number of transparent bodies capable of 
rming a great number of prismatic spectra from the light of 
esun. 

As the rainbow is never seen, unless when rain is actually 
lling between the spectator and the sky opposite to the sun, 
e are led to believe that the transparent Ixxlies required are 
-ops ci rain which we know to be small spheres. If we look 
to a globe of glass or water held above the head, and oppo- 
:e to the sun, we shall actually see a prismatic spectrum re- 
acted from the &rther side of the globe. In this spectrum 
e violet rays will be innermost, and the spectrum vertical. 
we hold ioQ fflobe horizontal on a level with the eye, so as 
see the sun's light reflected in a horizontal plane, we shall 
e a horizontal spectrum with the violet rays innermost In 
:e manner, if we hold a globe in a position intermediate be- 
een these two, so as to see the sun's light reflected in a 
ine inclined 45° to the horizon, we shall perceive a spec- 
im inclined 45° to the horizon with the violet innermost 
►w, since in a shower of rain tliere are drops in all positions 
ative to the eye, the eye will receive spectra inclined at all 
jles to the horizon, so that when combined they will form 
t large circular spectrum which constitutes tlie rainbow. 

* In Uie College edition, see Appendix of Am.ed. chap. vii. 



^ TREATISE ON OPTICS. 



To eiplam this more cleulf, let E, P,^. 134., be drafi tf 
nun expoeed to the sun'a nye, incident upon them in it 




direcboDs RE,RF, out <^ the vhole beam of ligbt iriiU 
&\\a upon the drop, those rays which pas tbiouffh or neu Iha 
axis cf the drop will be refracted to a focus behind it, bot 
those which Ikll on the upper aideof the drop will be refiidiA 
the red rays least, and the vit^l most, and will &11 upm tliB 
back of tlie drop with so obliquity such that many of them 
will be reilected, as shown in the figure. These laya will bs 
a^iin refracted, and will meet the eye at O, which will j»- 
ceive a spectrum or prismatic image of the sun, with the ni , 
spacE uppermost, and the viclet uudermosL If the sun, the 
eye, and the drops E, F, are all in the same vertical plane, the 
spectrum produced by E, F will form the colors at the Teiy 
summit of the bow as in the figure. Let us now su}qioae • 
drop to be near the horizon, so that the eye, the drop, and the 
sun, ere in a plane inclined to the horizon ; a lay tx the mn's 
li^ht will be reflected In the same mamier as at E, F, with 
this difference only, that the plane of reflexion wiU be in- 
clined to the horizon, and will form part of the bow distant 
from the summit Hence, it is manifest, that the drops trfiain 
above the line joining the eye and the upper part rf Ihe nun- 
bow, and in the plane passmg through the eye and the sun, 
will fbrm the upper part of the bow ; and Ihe drops to the 
right and left hand of the observer, and without the line join- 
ing die eye and tlie lowest part of the bow, will form Uw 
lowest part of the bow on each hand. Not a single dn«k 
therefore, between the eye and the space withb the bow » 
concerned in its production : bo (hat, if a shower were to 611 
regularly from a cloud, (he rainbow would appear befire a 
single drop of rain had reached t)ie ground. 
If we compute the inclination of the red ray and the violet 
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y to the incident rays R E, R F, wc shall find it to be 42° 2' 
r tbe red; and 40° 17' for the violet, so tliat the brcadtli of 
e ninbow will be the difference of those numbers, or 1° 45', 
nearly three times and a half the sun's diameter. These 
BultB coincide so accurately witli observation, as to leave no 
nbt that the primary rainbow is produced by two refractions 
kd one intermediate rcHexion of the rays that fall on the 
iper sides of the drops of rain. 

It is obvious that the red and violet rays will suffer a second 
flexion at the points where they are represented as quitting 
e drop, but these rcUcctcd rays will go up into the sky, and 
nnot possibly reach the eye at O. But thougli this is tlio 
se with rays tliat enter the upper side of tlie drop as at £ F, 
the side mrthest from the eye, yet those which enter it cm 
e under side, or the side nearest the eye, may afler two re- 
txions reach the eye, as shown in the drops II, G, where the 
ra R, R enter tlie drops below. The red and violet rays 
il be refimcted in different directions, and afler being twice 
Bected will be finally refracted to tlie eye at O ; the violet 
ming the upper part, the red the under part of the spectrum. 
we now compute the inclination of these rays to the inci- 
nt rays R, R, we shall find them to be 50° 57' for the red 
fy and 54° 7' finr tlie violet ray ; tlie difference of which or 
lO* will be the breadth of the bow, and the distance bc- 
een the bows will be 8° 55'.* Hence it is clear that a 
xndary bow will be formed exterior to the primary bow, 
d with its colors reversed, in consequence of their being 
3duced by two reflexions and two refiractions. The breadtii 
the secondary bow is nearly twice as great as that of the 
imary one, and its colors must be much fainter, because it 
DsistB of light that has suffered two reflexions in place of one. 
(158.) Sir Isaac Newton found the semi-diameter of the in- 
nor bow to be ^°, its breadth 2° 10', and its distance from 
e outer bow 8° 30'; numbers which agree so well with the 
Iculated results as to leave no doubt or the truth of the ex- 
motion which has been given. But if any farther evidence 
ere wanted, it may be found in the fact, wiiich I observed in 
112, that the light of both tJie rainbows is wholly polarized 
jfianes passing through the eye and the radii of the arch. 
lufl result demonstrates tliat the bows are formed by reflexion 
or near the polarizing angle, from the surface of a trans- 
rent body. The production of artificial rainbows by tlic 
ray of a waterfiill, or by a shower of drops scattered by a 
Dft or forced out of a syringe, is anotlier proof of the pre- 

* No correction for the lun's af^Murcnt diameter, is here made. 



226 ▲ TREATISE ON OPTICS. PABTniip 

ceding explanation. Lunar rainbows are sometim^ seeo, M 
the colors are faint, and scarcely perceptible. In 1814^ I mw, 
at Berne, a fog-bow^ which resembled a nebalooB ardi| ii 
which the colors were invisible. 

(159.) On the 5th of July, 1828, 1 observed three Bnpeno- 
merary bows within the primary bow, each oooBistinff of 
green and red arches, and in contact with the violet anm of 
the primary bow. On the outside of the outer or Beoonduy 
bow I saw distinctly a red arch, and beyond it a very ftiot 
green one, constituting a supernumerary bow, analpgou to 
Uiose within the primary rainbow. 

Dr. Halley has shown that the rainbow formed by thrte re- 
flexions within the drops will encircle the sun Itself at the 
distance of 40° 20', and that the rainbow formed by Jfowr re- 
flexions will likewise encircle him at the distance of 45° SS*. 
The rainbows formed by five reflexions will be partly covered 
by the secondary bow. The light which forms thiese three 
bows is obviously too faint to make any impression oa oar 
organs, and these rainbows have therefore never been observed. 

Many peculiar rainbows have been seen and described. On 
the 10th August, 1665, a faint rainbow was seen at Chartrei^ 
crossing the primary rainbow at its vertex. It was formed by 
reflexion from the river. 

On the 6th August, 1698, Dr. Halley, when walking on the 
walls of Chester, observed a remarkable rainbow, gdowd in 
fig. 135., where A B C is the primary bow, D H E the secoodr 
ary one, and A F H GC the new bow intersecting the second- 




ary bow D H E, and dividing it nearly into three parta Dr. 
Halley observed the points F, G to rise, and the arch P G 
gradually to contract, till at length the two arches F H G and 
F G coincided, so that the secondary iris for a great space lost 
its colors, and appeared like a white arch at the top. The new 
boW) A H C, had its colors in the same order as the primary 



CRAP. XXZin. ON HALOS AND FASHELXA. 227 

OM ABC, and consequently the reverse of the secondaiy 
Inw ; and on this account the two opposite spectra at 6 and F 
oonnteracted each other, and produced whiteness. The sun 
at this time shone on the river Dee, which was unruffled, and 
Dr. Halley found that the how ARC was only that part of 
the circle of the primary how that would have been ui^er the 
ctsde bent upwards by reflexion from the river. A third 
ninbow seen between the two common ones, and not con- 
centric with them, is described in Rozier's Journal, and is 
doubtless the same phenomenon as that observed by Dr. Halley. 
Red rainbows, distorted rainbows, and inverted rainbows on 
the grass, have been seen. The latter are formed by the drops 
of rain suspended on the spiders' webs in the fields. 



CHAP. xxxm. 

OR HALOS, OORONiE, PARHELIA, AND PARASELENJ6. 

(160.) When the sun and moon are seen in a clear sky, 
}hey exhibit their luminous discs without any change of color, 
and without any attendant phenomena. In other conditions 
of the atmosphere, the two luminaries not only experience a 
change of color, but are surrounded with a variety of luminous 
circles of various sizes and forms. When the air is charged 
with dry exhalations, the sun is sometimes as red as blood. 
When seen through watery vapors, he is shorn of his beams, 
but preserves his disc white and colorless ; while, in another 
state of the sky, I have seen the sun of the most brilliant 
salmon color. When light fleecy clouds pass over the sun and 
moon, they are often encircled with one, two, three, or even 
more, colored rings, like those of thin plates ; and in cold 
weather, when particles of ice are floating in the higher re- 
gions, the tw6 luminaries are frequently surrounded with the 
most complicated phenomena, consisting of concentric circles, 
circles passing through their discs, segments of circles, and 
mock suns or moons, formed at the points where these circles 
intersect each other. 

The name hah is given indiscriminately to these phenom- 
ena, whether they arc seen round the sun or the moon. They 
are called parhelia when seen round the sun, and paraseleme 
when seen round the moon. 

The small halos seen round the sun and moon in fme wea- 
ther, when they are partially covered with light fleecy clouds, 
have been also called cororw. They are very common round 
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the sally though, from the ov erp o werm g bn|^itiie8B of his iml 
tbef are best seeniKdieii he is observed b^ leflezian from vm 
Borfiice of still water. In Jane, 1692, Sir Isaac Newton ob* 
senred, by reflexion in a vessel of standing water, three ringi 
of color roond the sun, like three little rainbpw& The odonl 
of the first or innermost were blue next the son, red without, 
and white in the middle between the Uue and red Thecokn 
of the second ring were purple and blue within, and pale rei j 
withoat, and green in the middle. The colors of uie third 
rin? were pale blue within and pale red without The cokfB 
and diameters €f the rings are more particularly given as fol- 
lows : — 

Ist Ring - Bine, white, red - Diameter, 5^ to 6^. 

^^ ■ }?r^efe^ i Diameter. 9io. 
3d Ring - Pale blue, pale red - Diameter, 13P. 

On the 19th February, 1664, Sir Isaac Newton saw a halo 
round the moon, of two rings, as follows : — 

1st Ring . White, bluish green, yellow, red - Diameter, 2P. 
2d Ring - Blue, green, red Diameter, 5^° 

Sir Isaac considers these rings as formed by the light pas* 
ing through very small drops of water, in the same manner is 
the colors of thick plates. On the supposition that the glob- 
ules of water are the 500th of an inch in diameter, he finds 
that the diameters of the rings should be as follows : — 

Ist Red ring Diameter, 7|° 

2d Red ring Diameter, lOJo 

3d Red ring Diameter, 12° 33' 

The rings will increase in size as the globules become less, 
and diminish if the globules become larger. 

Tlie halos round the sun and moon, which have excited 
most notice, are those which are about 47^ and 94° in diame- 
ter. In order to form a correct idea of them, we shall give 
accurate descriptions of two ; one a parhelion, and the other a 
paraselene* 

The following is the original account of a parhelion^ seen 
by Scheiner in 1630 : — 

(161.) "The diameter of the circle M Q N next to the sun, 
was about 45^ and that of the circle O R P was about 95° 20'; 
they were colored like the primary rainbow ; but the red was 
next the sun, and tlie other colors in the usual order. The 
breadths of all the arclies were equal to one another, and 
about a third part less than the diameter of tlie sun, as repre- 
sented in^^. 136. ; tliough I cannot say but the whitish circle 
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; parallel to the horizon, was rather Ivoader than the 
The two parhelia M, N were lively enough, but the 

Fig, 136. 




wo at O and P were not so brisk. M and N had a pur- 
ness next the sun, and were white in the opposite parta 
P were all over white. They all differed m theur du- 
; for P, which shone but seldom and but faintly, van- 
irst of all, being covered by a collection of pretty thick 

The parhelion O continued constant for a great while, 

it was but faint The two lateral parhelia M, N were 
onstantly for three hours together. M was in a lan- 
ig state, and died first, after several struggles, but N 
led an hour after it at least. Though I did not see the 
1 of it, yet I was sure it was the only one that accom- 

the true sun for a long time, havmg escaped those 
and vapors which extinguished the rest However, it 
h1 at last, upon the fall of some small showers. This 
lenon was observed to last 4} hours at least, and since 
ired in perfection when I first saw it, I am persuaded 
le duration might be above five hours, 
e parhelia Q, R were situated in a vertical plane pass- 
ough the eye at F, and the sun at G, in which vertical 
hes H R C, O R P either crossed or touched one an- 

These parhelia were sometimes brighter, sometimes 
than the rest, but were not so perfect in their shape 
itish color. They varied their magnitude and color ac- 
• to the different temperature of 3ie sun's light at G, 
; matter that received it at Q and R; and therefore 

U 
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their light and cblor were almost always flactaating, and oai- 
tinued, as it were* in a perpetual oonnict. I took particiilar 
notice that they appeared almost the fiist and last of the par- 
helia, excepting that of N. 

^ The arches which composed the soiall halo M N next to 
the sun, seemedlo the eye to compose a ransle circmnferencey 
but it was confused, and had unequal faread£s; nor did it oon- 
stantly continue like itself, but was perpetoally fluctuating. 
But in reality it consisted of the arches expressed in the 
figure, as I accurately observed for this veiy purpose.* These 
arches cut each other in a point at Q, and there they formeda 
parhelion ; the parhelia M, N shininf^ firom the common i]lte^ 
sections of the mner halo, and the whitish circle O N M P." 

(162.) Hevelius observed at Dantzic, on the 30th of March, 
1660, at one A. M., the paraselene shown in Jig, 187. The 
moon A was seen surrounded by an entire whitish circle 

Fig. 137. 




B C 1) E, in which there were two mock moons at B and D; 
one at each side of the moon, consisting of various colors, and 
shooting out very lon^ and whitish beams by fits. At about 
two o'clock a larger circle surrounded the lesser, and reached 
to the horizon. The tops of both these circles were touched 
by colored arches, like inverted rainbows. The inferior arch 
at C was a portion of a large circle, and the superior at F a 
portion of a lesser. This phenomenon lasted nearly three hours. 
The outward great circle vanished first Then the larger in- 
verted arch at C, and then the lesser ; and last of all the inner 

* The four intersecting circles which form this inner halo are described 
firom four centres, one at each angle of a small square. 
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circle B C D E disappeared. The diameter of this inner circle, 
and also of the superior arch, was 45°, and that of the exterior 
circle and inferior arch was 90°. 

On another occasion Hevelius ohserved a large white rec- 
tangular cross passing through the disc of the moon, the moon 
being in the intersection of the cross, and encircled with a 
halo exactiy like the inner one in the preceding %ure. 

(163.) The frequent occurrence of tiie halos of 47° and 94® 
in cold weather, and especially in the northern regions of the 
globe, led to the belief that they must be formed by crystals 
€i ice and snow floating in the air. Descartes supposed that 
they were produced by refraction, through flat stars of pellucid 
ice ; and Huygens, who investigated the subject both experi- 
mentally and theoretically, has published an elaborate theory 
of halos, in which he assumes the existence of particles of 
hail, some of which are globular and others cylindrical, with 
an opaque nucleus or kernel having a certain proportion to the 
whole. He supposes these cylinders to be kept in a vertical 
position, by ascending currents of au: or vapor, and to have 
their axes at all possible inclinations to the horizon, when they 
are dispersed by the wind or any other causes. He considers 
these cylinders to have been at first a globular collection of 
the softest and purest particles of snow, to the bottom of which 
other particles adhere, the ascending currents preventing 
them from adhering to the sides ; they will, therefore, assume 
a cylindrical shape. Huygens then supposes that the outer 
part of the cylinders may be melted by the heat of the sun, a 
small cylinder remaining unmelted in the centre, and that if 
the melted part is again frozen, it may have sufficient trans- 
parency to refract and reflect the rays of the sun in a regular 
manner. By means of this apparatus, the existence of which 
is not impossible, Huygens has given a beautiful solution of 
almost all the difficulties which Imve been encountered in ex- 
plaininfif the origin of halos. 

Sir £aac Newton regarded the halo of 45° as produced by 
a different cause from Qie small prismatic coronie ; and he was 
of q>inion that it arose from refraction *' from some sort of 
hail or snow floating in the air in a horizontal posture, the re- 
fracting angle being about 58° or 60°." 

When we consider, however, the great variety of crystal- 
line forms which water assumes in freezing ; that these crys- 
tals really exist in a transparent state in the atmosphere, in 
the form of crystals of ice, which actually prick the skui like 
needles ; and that simple and compound crystals of snow, of 
every conceivable variety of shape, are often fallingf through 
the atmo^here, and sometimes melting in passuig through its 
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lower and warmer Birata, we do not require any hypoMB 
cylinders to HT.iwunt for iJie [irincipal phenomena of hales. 

Afariotte, Young, CavemllEh, nnd otliera, have agreed i 
ascribing the halo of 45° or 46° in diurneter, to refmc'' 
through prisms of ice, with refracting angles of 60° fioa 
in the air, and liaving their re&acting angles in all directiom 
The crjatalB of btftr-froet have actuallj such angles, and tf wi 
compute the deviation of tlie Tefracled rays of the sun or mM 
incident upon such a prism, wiUi tlie index of refractioo b 
ice, taken at 1-31, we shall find it to be 21° 50', the dooU 
c^ which is 43° 40'. In order to expliiin tlie larger baio, T 
Voung supposes that the ravs which have been once re&aO 
by the prism may fall on other prisms, and the eSect then 



b 



doubled by a second re&action, si 
This, however, ia by n 



produce a deviatini 
,3 probable, and £ 
Voung hiis candidly acknowledged Uie " great apparent prab 
ahilitv" of Mr. Cavendish's suggestion, that the external hob 
may be produced by the refraction of tiie rectangular termi- 
nations of the crystals. With an index of refraction of IBl, 
this would give a deviation of 46° 44', or a diameter of 91° 
38', and the mean of sevemJ accurate measures is 91° 40', ■ 
VOTV remarkable coincidence. 

The eKiatenoe of prisms with such rectangular 

ia rtill hypothetical ; but I have removed the difficulty oi 
point, by obeerving in the hoar-frost upon stones, leaves, aid 
wood, regular quadrangular crystals of ice, both simple and 
compound. 

Although haloe are generally represented as circles, witli 
the sun or moon in their centres, yet their apparent form a 
commonly an irregular oval, wider below than above, tlie sna 
being nearer then* upper than their lower extremity. Ik. 
Smith has shown that this is an optical deception, arising Ihni 
the apparent ligure of the sky, and he estimates that when 
the circle touches the horizon, its apparent vertical d.' 
is divided by the moon, in Hie proportion of about 2 to 
and is to the horizontal diameter drawn through the ini 
to 3, nearly. 

With the view of ascertaining if any of the haloe are form- 
ed by reflexion, I liave examined tliem with doubly refracting J 
prisms, and have found that tlie light which fonna them b 
not BuBered reflexion. 

The production of haloa may be illustrated exporimeniaUj I 
Ire crystaUizing various salts upon plates of glass, oi ' ' ■ " - ■ 
through the plates at the am or a candle. When tl 
are granular and property formed, they will produce 
efFecls. A few droiis of a ealuroted solution of alu 
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unple, spread over a plate of glass so as to crystallize quickly, 
trill cover it with an imperfect cruet, coneistiiiir of flat octo- 
liedral crystals, scarcely visible to tite eye. Wheo the ob- 
Krver, with his eye placed cloee behind the smooth side of Ihe 
f]am plate, looks through it at a luminous body, he will per- 
ceive three fine halos at dilTerent distances, encircling tlie 
nnrce of light The interior halo, which is the whitest rf 
the three, is EDmied by the refraction of the rays through a 
pair cf fiices in the crystals that are least inchned to each 
other. The second halo, vrhich is blue without and red within, 
trith all the prismatic colors, is formed by a pair of more in- 
clined &cea; and the third halo, which is large and brilliantly 
colored, irom the increased refraction end dispersion, is formed 
by the meet iocliaed ftces. As each crystal of alum has three 
pairsof each of these included prisms, and as these re&actinjg 
ocee will have every possible direction to the horizon, it is 
easy to understand how the hatos are completed and equally 
luminous throughout. When the crystals have the jiroperty 
cf double refiactioD, and when their axis is perpendicular to 
the plates, more beautifiil combinations will be produced. 

(164.) Among the luminous phenomena of the atmoe[diere, 
we may here notice that of converging- and diverging solar 
beams. The phenomenon of diverging beamt, represented in 
fy. 138., is of tiequent occurrence in summer, and when the 
«ui IB near the horiion ; and arises iiom a portion of the sou's 

n/. 13S. 



sya pasring through openings in the clouds, while the adjacent 
mtioBB are obstructed by Uie clouds. The phenomenon of 
converging beaau, which is of much rarer occurrence, is 
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ehown in j(g-. 139., where the Mya oonvei^ to r pcunt A,u 
ftr below the horizon M N as tho aun is above it. This phe- 
naneiKai is always seen oppomte to the sun, and generally >t 




tlie fame time with the phenan^ioa of dtve^ing beaia^ k if 
another sun, diometcically opposite to the real <Hie, were behnr 
the hoiiion at A, and throwiog out his divergent beama. b a 
[tonoineiion of this kind which I saw in 1824, the easteni 
portioD of the horizon where it appeared was occupied with a 
black doud, which seema to be neceaeary as a ground, for 
rendering visible such feeble radiations. A few minutes after 
the dienoroonoD was first seen, the converging lines were 
bkcK, or veiy dark; an efffect which seems to have arisen 
from the liunmouB b^ms having become broad and of unequal 
intensity, so that the eye took upi as it were, the dark spaces 
between the beams more readUy than the luminous beama 
themselves. 

This phenoraencoi iA entirely one of perspective. Let us 
suppose seams inclined to one another like the merklians d' b 
globe to diverge from the sun, as these meridians diverge firum 
uie north pole of the globe, and let us suppose that plancg 
pass through all these meridians, and through the line joining 
the observer and the bud, or their common intersection. An 
e^e, therefore, placed in that Viae, or in the common intersec- 
tion of all the nltoen planes, will sec the fifteen beams con- 
verging to B point opposite the sun, just as an eye in the axis 
of a glnhe would see all the fifteen meridians of the globe 
converge to its south pole. If we suppose the axis of a globe 
or of an armillary sphere to be directed to the centres cf llie 
diverging and converging beams, and a plane to pass through 



CHAP. XXXIV. COLORS OP NAfUHAL BODIES. 236 

the globe parallel to the horizon, it would cut off the meri- 
dians 80 as to exhibit the precise appearances in fig, 138. and 
fig, 139. ; with this di^rence only, that there would be fifteen 
b^uns in the diverging system m the place of the number 
shown in fig, 139. 



CHAP. XXXIV. 

ON THE COLORS OF NATURAL BODIES. 

(165.) There is no branch of the application of optical 
science which possesses a greater interest than that which 
proposes to determine the cause of the colors (^natural bodies. 
Sir Isaac Newton was the first who entered into an elaborate 
investigation of this difficult subject; but though his specula- 
tions are marked witb the peculiar genius of their author, yet 
they will not stand a rigorous examination under the lights of 
modem science. 

That the colors of material nature are not the result of any 
quality inherent in the colored body has been incontrovertibly 
piovea by Sir Isaac He found that all bodies, of whatever 
color, exhibit that color only when they are placed in wlnte 
light In homogeneous red light they appeared red^ in wt^ 
liffht violet^ and so on ; their colors bemg always beet dMayed 
when placed in their own daylight colors. A red wa^, for 
example, appears red in the white light of day, because it re- 
flects red light more copiously than any of the other color& 
If we place a red wafer in yellow light, it can no longer ap- 
pear r^, because there is not a particle of red light in the 
yellow light which it could reflect It reflects, k)wever, a 
portion of yellow light, because there is some yellow in the 
red which it does reflect If the red wafer had reflected no- 
thing but pure homogeneous red light and not reflected white 
light from its outer surfecc, which all colored bodies do, it 
woold in that case have appeared absolutely black when 
pbK»d in yellow light The colors, therefore, of bodies arise 
finm their property of reflecting or transmitting to the eye 
certain rays of white light, whde they stifle or stop the re- 
maining rays. To this point the Newtonian theory is support- 
ed by m&llible experiments ; but the principal part of the 
theory, which has for its object to determine the manner in 
which particular ra3rs are stopped, while others are reflected 
or transmitted, is not so well founded. 
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Ab Sir Isaac has stated the principles of his theory with the 
gratert cleameas, we shall give them in his own worda 

'^Ist, Those superficies o£ transparent bodies reflect the 
greatest quantity of li^t which have the greatest refracting 
power ; that is, which separate media that difier most in their 
refracting power. And in the confines o[ equally lefiucdng 
media there is no reflexion. 

^ 2d, The least parts of almost all natural bodies are in 
some measure transparent ; and the opacity ci these bodies 
— ' — from the multitude (^reflexions caused in their internal 



parts. 

"Sd, Between the parts of opaque and colored bodies are 
many nacesi either empty, or replenished with mediums cf 
other aensities; as yxtier between the tinging corpuscles 
wherewith any liquor is impregnated; atr between the 
aqueous globules that constitute clouds or mists; and for the 
moflC part spaces, void of both air and water, but yet perhaps 
not wholly void of all substance, between the parts of all 
bodies. 

*• 4th, The parts of bodies and their interstices must not be 
leas than of some definite bigness, to render them opaque and 
colored. 

"5th, The transparent parts of bodies, according to their 
several sixes, reflect rays of one color, and transmit those of 
another, on the same grounds that thin plates or bubbles do 
reflect or transmit these rays; and this I taie to be the ground 
of all their colors.'* 

*• 6th. The parts of bodies on which their colors depend are 
denser than tlie medium which pervades their interstices. 

" 7th, The biirness of the component parts of natural bodies 
mav bo conjectured by their colors." 

i'pon these principles Sir Isaac has endeavored to explain 

the phenomena of trani:parencyy black and white opacity, and 

coior. He re<rards the transparency of water, salt, glass, 

sumfs, and such like substances, as arising from the smallness 

V their particles, and the intervals between them ; for thouifh 

lio consider? them to be as full of pores or intervals between 

the ^tioles as other Uxlies are, yet he reckons the particles 

and tholr intervals to be too sinall to cause reflexion at their 

/^r-nKfl suriaces. Hence it follows, from the table in page 

»k •!*»* ^^*^ particles of air and their inter\'als cannot exceed 

'.v»b.v:* of a milhouth part of an inch ; the particles of water 

^" !^t- of a millionth, and those of glass the jd of a millionth; 

• '-^^ a* the* thicknesses the li^ht reflected is nothing, or 

^'^"*"^. v^ok of the tirst order. The of)acity of bodies, such 

*■•''" '".' .'Vmie pap^'r, linen, &c., is ascribed by Newton to a 
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greater size of the particles and their intervals, viz. such a 
size as to reflect the white, which is a mixture of the colors 
of the different orders. Hence in air they must exceed 77 
millioDths of an inch, in water 57 millionths, and in glass 50 
millionths. 

In like manner all the different colors in Newton's table 
are supposed to be produced when the particles and tiieir in- 
tervals have an intermediate size between that which pro- 
duces transparency and that which produces white opacity. 
If a film of mica, for example, of an uni&rm blue color, is cut 
into the smallest pieces of the same thickness, every piece 
will hmeip its color, and a heap of such pieces will constitute a 
mas of the same color. 

So &r the Newtonian theory is plausible ; but in attempting 
to explain black opacity, such as that of coal and other bodies 
absolutely impervious to light, it seems to &il entirely. To 
jnoduce blackness, ** the particles must be less than any of 
those which exhibit color. For at all greater sizes there is too 
much liffht reflected to constitute this color ; but if they be 
supposed a little less than is requisite to reflect the white and 
very fiunt blue of the first order, they will reflect so very little 
lig^t as to appear intensely black." That such bodies will be 
buick when seen by reflexion is evident ; but what becomes 
of all the transmitted light ? This question seems to have 
perplexed Sir Isaac. The answer to it is, " it may perhaps 
be variously refracted to and fro within the body, until it 
happens to be stifled and lost ; by which means it will appear 
intensely black." 

In this theory, therefore, transparency and blackness are 
rapposed to be produced by the very same constitution of the 
body; and a refraction to and fro is assumed to extinguish 
the transmitted light in the one case, while in the other such 
t refinction is entirely excluded. 

In the production of colors of every kind, it is assumed 
that the complementary color, or generally one half of the 
lidit, is lost by repeated reflexions. Now, as reflexion only 
c&nges the direction of light, we should expect that the light 
thus scattered would show itself in some form or other ; but 
though many accurate experiments have been made to discover 
it, it has never yet been seen. 

Pot these and other reasons,*! which it would be out of 
place here to enumerate, I consider the Newtonian theory of 

* See a more detailed examination of the theory in my Life of Sir Isaac 
Newton. 

t For an account of Sir David Brewster's outline of a new theory of the 
colon of natural bodies, sec Note VII. of Am. ed. 
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AMacooont of tbe BtrictiiTe ai^ fiim-rifjia of tbe hum 
9j% Hat maateipiece at divine mechanim, firmi aa iatanat- 

Xbnuch of a^ied optjcK l^usnotde orsan, 17 mBaaatf 
3h we aeqnite so la^ a portion cf am knowledge cfthi 
malaq^ murarBe, is re^eaented in J^t. 1401 aid 141, ft* 
fbnoec being a front and external view a[ it, aad the latlBr.a 
KCtioD of it ttiioii^ all its hmmn. 
The human ^e ia of a s^erical fi)nn, with a dight jn- 

J'Bction in front TTie eyebaU or glolie of tlte eye ccmaats oT 
)ur coata or mcmbni.nca, wliich have received the cameB of 
the sclerotic coat, the choroid coat, the cornea, and the retina; 
aod these coats incbse three humors, — the aqiteoiu Awnor, 
the vitreous kumor, and tlie crystalline humor, the last of 
which haa the Ibrm of a lens. The sclerotic coat, a a a ^ or 
the outermoat, is a strong and tough memhrane, to which are 
attached all the muscles which give motion to the efchaDt 

Vig. HO. 
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t constitutes the white of the eye, a a, j^. 140. The 
a^bbfiBthe clear and transparent coat which ftnus the 

Fig. 141. 




6[ the eyeball, an4 is the first optical surface at which 

-ays of light are refracted. It is firmly united to the 

Hie coat, fining up, as it were, a circular aperture in its 

The cornea is an exceedin^y tough membrane, of 

thickness throughout, and composed of several firmly 
ing layers, capable. of opposing great resistance to ex- 
1 injury. The choroid coat is a delicate membrane lining 
Quer surface of the sclerotic, and covered on its inner 
:e with a black pigment Immediately within this pig- 
, and close to it, lies the retina, rrr, which is the inner- 
coat of all. It is a delicate reticulated membrane, formed 
e expansion of the optic nerve, O O, which enters the eye 
K)int about ^ of an inch from the axis on the side next 
ose. At the extremity of the axis of the eye, in a line 
ig through the centre of the cornea, and perpendicular 

sur&ce, there is a small hole with a yellow margin, 
I the foramen centrale, which, notwithstaiiding its name, 
a read opening, but only a transparent spot, free from 
)fl pulpy matter of which the retina is compoised. 
looking through the cornea from without, we perceive a 
ircular membrane, ef, fig, 141., or withm, b b, fig, 140., 
1 is grey, blue, or black, and divides the anterior ci the 
ito two very unequal parts. In the centre of it there is 
;ular opening, d, called the pupil, which widens or ex- 
when a snuQl portion of light enters the eye, and closes 
itracts when a great quantity of light enters. The two 
into which the iris divides the eye are called the anterior 
le posterior chambers. The anterior chamber, which is 
or to the iris, ef, contains the aqueous humor ; and the 
ior chamber, which is posterior to the iris, contains the 
iline and vitreous humors, the last of which fills a great 
D of the eyeball. 

V 
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The crystalline lens, c c,fig. 14L, is a more solid sabstann 
than either the aqueous or the vitreous humor. It is suspendel 
in a transparent bag or capsule by the ciUary ^^rocesses, ggi 
which are attached to every part ci the margm or circam& 
ence of the capsule. This lens is more convex behind tfan 
before ; the radius of its anterior sur&ce bein^ 0*90 of an indii 
and that of its posterior sur&ce 0*22 of an mch. The km 
increases in densilr from its circumference to its centre, ani 
possesses the doubly refracting structure. It consists of am 
centric coats, and these are again composed of fibres. The 
vitreous humor, V V, is contained in a capsule, which is sop 
posed to be divided into several compartmenta 

The total len^ of the eye from O to 6 is about 0-91 of u 
inch ; the principal focal distance of the lens, c c, is 1*73; an 
the range of the moving eyeball^ or the diameter (^ the fieli 
of distinct vision, is 11(K>. The field of vision is 50° above i 
horizontal line and 70° below it, or altogether 120° in a vei 
tical plane. It is 60° inwards and 90° outwards, or altpgethe 
in a horizontal plane 150°. 

I have found the following to be the refractive powers oi 
the different humors of the eye; the ray of light being ioci 
dent upon them from air : — 

Aqueous Crystalline Lens. VUrtms 

Ivtmor, ° ' SnHhee. Centra. Men. HuKtOt* 

1*3366. 1*3767. 1-3990. 1*3839. 1-3394. 

fiut as the rays refracted by the aqueous humor pass int 
the crystalline, and those from the crystalline into the vitreoo 
humor, the indices of refraction of the separating suiJSice a 
each of these humors will be : — 

From aqueous humor to ooter coat of the cryataUine 1-0300 

From do. to crystaUine, using the mean index - - 1-0353 

From crystalline outer coat to vitreous 0-9729 

From do. to do. using the mean index - - - 0*9679 

As the cornea and crystalline lens must act upon the ra) 
of light which fall upon the eye exactly like a convex len 
inverted images of external objects will be formed upon tl 
retma r r r in precisely the same manner as if the retina wci 
a piece of white paper in the focus of a single lens placed i 
d. There is this dijfference, however, between the two cue 
that in the eye the spherical aberration is corrected by meai 
of tiie variation in the density of the crystaUine lens, whic 
having a greater refractive power near the centre of its txm 
refracts the central rays to the same point as the rays whi 
pass through it near its circumference cc. No provisio 
however, is made in the human eye for the correction of cok 
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laetnse the deviation of the differently colored rays is too 
■nil to produce indistinctness of vision. If we sdiut up all 
Iki popil excepting a portion of its edge, or look past the 
^Dger held near the eye, till the finder idmost hides a narrow 
Sne of* white light, we shall see a distinct prismatic spectrum 
V &i8 line containing all the different colors ; an effect which 
codd not take place if the eye were achromatic. 

That an inverted image of external objects is formed en 
Ae retina has been often proved, and may be ocularly denioi>- 
itnted by taking the eye of an ox, and paring away with a 
ihurp instrument the sclerotic coat till it becomes thin enou^ 
to see the image through it Beyond this point optical science 
cumot carry us. In rniot manner the retina conveys to the 
bun the impressions which it receives from the rays of light 
ve know not, and perhaps never shall know. 

On the Phenomena and Laws of Vition 

(167.) 1. On the seat of vision. — The retina, from its delr- 
tite structure, and its proximity to the vitreous humcn*, had 
tlways been regarded as the» seat of vision, or the sui^ce on 
wbicn the refnujted rays were converged to their foci, for the 
nurpose of conveying the impression to the brain, till M. 
Miriotte made the curious discovery that the base of the optic 
nerve, or the circular section of it at O, Jig, 141., was in- 
capable of conveying to the brain the impression of distinct 
▼inoQ. 

He found that when the image of any external object foil 
upoo the base of the optic nerve, it mstantly disappeared. In 
crier to prove this, we have only to place upon the wall, at 
the height of the eye, three wafers, two feet distant from each 
odier. Shutting one eye, stand opposite to the middle wafor, 
ud while lookSi^ at the outside wafer on the same hand as 
tbe shut eye, retire gradually from the wall till the middle 
irafer disappears. This will happen at about five times the 
iirtance <^ the wafers, or ten feet from the wall ; and when 
Ihe middle wafer vanishes, the two outer ones will be distinctly 
■eo. If candles are substituted for wafers, the middle candle 
vill not disappear, but it will become a cloudy mass of light 
f the wafers are placed upon a colored wall, the spot occu- 
ned by the wafer will be covered by the color of the wall, as 
r the wafer itself had been removed. According to Daniel 
KemouUi, the part of the optic nerve inseiisible to distinct 
npressions occupies about the seventh part of the diameter 
r the eye, or about the eighth of an inch. 
This unfitness of the Ixise of the optic nerve for giving 



■^^^■^ thA TItKl.TT9B ON OITICS. 

diatjnct Tiaioii, induced Mariotte to believe that the a 
et»t, whicli lies immediately below the retina, perform 
functiiiDS wciibed to the retinal for wliere there maj 
clmroid coal there w»a no dietinct vision. The opajjity da 
choroid coat and the transpaiency of the retina, which re" 
ed it an unfit ground for the reception of inrngea, we 
ments in fevor of this opinion. Comparative snatomv ft 
us with another argument, perhaps even more coocW' 
an; of those urged by Marialtc. In the eye of Uie M 
Migo, or cutUe-lieli, an opaque memhranouB pigment '»'si 
posed bftieeen the retina and Ike vitrEOUS kamori* so tbit, ■ 
the retina ia essential lo vision, the impressions of the ii ~ 
on tlii« black membrane must be conTcyed to the retin 
the vihratioos of the membrane in &out of it. Now, i 
the butnan retinUL is transparent, it will not prevent the im 
of Injects from being formed on the choroid coat ; and u 
viliialioiiB which they excite in tliia membrane, being coc 
municated to the retina, will be conveyed to the brain. The 
viewu ire strengthened by another &ct of some intereit 
have observed in young persons, that tlic chcovid cost (wbidtfl 
is generally aupposed to be b!aclfc and to grow fainter by ige,]f 
lenecla a Inilliant crimson color, like tliat of dogs and oUierr 
animaU. Hence, if the return is affected by rays which jr 
through it, this crimson light which most neceseorily be triL 
mitted by it ought to excite the sensation of crimson, whicii II 
fmd not to be the esse. 

A French writer, M. Lchot, has recently written a woil^ 
endeavoring to prove that the seat of vision is in the vitreow 
hnmor ; and that, in place of seeing a flat picture cf the ob- 
ject, we actually see on imo^ of Uireo dimensions, vik. wiA 
lengtli, breadth, and thickness. To produce this effect, be 
Hupposca tbat the retina sends out a number of small nervcta 
tilaments, which extend into the vitreous humor, and convey 
to the brain the impreaaionsof all parts of the image. If tha 
theory were true, the eye would not require lo adjust itself to 
difierent distances ; and we besides know for certain, that the 
eye cannot see with equal distinctness two points of an object 
at diferenl distances, when it sees one of tliem perfectly. M. 
Lebot might indeed reply to the first of these objections, tlmt 1 
tlie nervous filaments may not extend far enough into lbs ( 
vitreous humor to render adjustoient unnecessary ; but if we 
admit this, we would be admitting an imperfection of work- 
numship, in so fiu: as the Creator would then be employing Iw) 

Dr. Sdoi, Atnlk JwhJ ^ Mow, Ho. TL p. IW^ 
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rndfl of mechanism to produce an effect which could have 
Bm easily produced by either of them separately. 

As difficulties still attach to every opinion respecting the 
nt of vision, we shall still adhere to the usual expression 
Md by all optical writers, viz. that the images of objects are 
pUBtsd on the retina. 

0061) 2. On the law of visible direction, — ^When a ray 
If bgfat &lls upon the retina, and gives us vision of the point 
tf ID object from which it proceeds, it becomes an interesting 
tMtkiii to determine in what direction the object will be seen, 
fihnning from the point where it ialls upon the retina. In 
fg,14SL, let F be a point of the retina on which the image of 
I poBit of a distant object is formed by means of the crystaUine 




tan, mpposed to be at L L. Now, the rays which form the 
■■^ of the point at F fall upon the retina in all possible di- 
nctioDs from L F to L F, and we know that the point F is 
Ben in the direction F C R. In the same manner, the points 
ff are seen somewhere in the directions /' S,/T. These 
1168 P R,/' S,/T, which may be called the lines of visible 
fin^ionj may either be those which pass through the centre 
^ of the lens L L, or, in the case of the eye, through the 
ieatre of a lens equivalent to all the refractions employed in 
•odocing the image ; or it may be the resultant of all the 
iiiectians within the angles L F L, L/L; or it may be a line 
ttp^icular to the retma at F,f'f. In order to determine 
Ui point, let us look over the top of a card at the point of 
be object whose ima^e is at F till the edge of the card is just 
boot to hide it, or, wnai is the same thing, let us obstruct all 
be lays that pass through the pupil excepting the upper ones, 
tli, R C ; we shall then find that the point whose image is at F, 
t seen in the same direction as when it was seen by all the 
lys L F, C F, L F. If we look beneath the card in a similar 
■nner, so as to see the object by the lower rays, R L F, RCF 

V2 
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we shall see it in the same directioD. Hence it is 
that the line of visible direction does not depend on the 
ticQ of the ray, but is always perpendicular to the retina, 
important truth in the physiology of visioa may be proved 
another way. If we lookat the sun over the top of a enV 
as before, so as to impress the eye with a permanent ifpecM' 
by means of rays L F falling obliquely on the retm, thi! 
epectrum will be seen along the axis of vision F G. In Ifls 
manner, if we press the eyeball at any part where Ae KtiM^ 
is, we shall see the luminous impression which is produced,! ^ 
a direction perpendicular to the point of pressure; and if M 
moke the pressure with the head of a pin, so as to pren (otiia 
obliquely or perpendicularly, we shall find that the loioiiKni 
spot has the same direction. 

Now, as the interior eyeball is as nearly as possible a perfect 
sphere, lines perpendicular to the surface of the retina mii^ 
all pass through one single point, namely, the centre of its 
spherical surft^e. This one point may be called the centre of 
visible direction, because every point of a visible object will 
be seen in the direction of a Ime drawn from this centre to 
the visible point When we move the eyeball by means of ita 
own muscles through its whole ran^e of 110°, every point of 
an object within the area of the visible field either of distinct 
or indistinct vision remains absolutely fixed, and this vM 
from the immobility of the centre of visible direction, and, 
consequently, of the lines of visible direction joining that 
centre and every point in the visible field. Had the centre of ! 
visible direction been out of the centre of the eyeball, this 
perfect stability of vision could not have existed. If we pws . 
the eye with the finger, we alter the spherical form of the I 
surface of the retina ; we consequently alter the direction of 
lines perpendicular to it, and also the centre where these lin« 
meet; so that the directions jof visible objects should be 
changed by pressure, as we find them to be. 

(169.) 3. Chi the cause of erect vision from an inverld 
image, — As the refractions which take place at the surface of 
the cornea, and at the surfaces of the crystalline lens, act ex- 
actly like those in a convex lens in forming behind it an in- 
verted image of an erect object ; and as we know from direct 
experiment that an inverted image is formed on the retina, it 
has been long a problem among tiie learned, to determine how 
an inverted image produces an erect object It would be a 
waste of time to give even an outline of the different opinions 
which have been entertained on this subject ; but there is one 
80 extraordinary as to merit notice. According to this opinion, 
all io&nts see objects upside down, and it is only by comparing 
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I the enoneoua information acquired by vision with the accurate 
infixmatian acquired by touch, that the young learn to see 
olgects in an erect position ! To refute such an opinion would 
be an insult to the mtelligent reader. The estaUiahment of 
tin true cause of erect vision necessarily overturns all erro- 




Tbe kw of visible direction above explained, and deduced 
ftom direct eicperiment, removes at once everjr difSculty that 
fc o a ote the subject The lines of visible direction necessarily 
CRMB each other at the centre of visible direction, so that those 
ftom the lower part of the image go to the upper part of the 
oKgect, and those fit>m the upper part of the ima^ to the lower 
part of the object Hence, in Jig. 142. the visible direction 
of tiie point/', formed by rays coming from the upper end S 
of the object, will be/' C S, and the visible direction of the 
point/ formed by rays coming from the lower end T of tJio 
object, will be/CT; so that an inverted image necessarily 
produces an erect object 

This conclusion may be illustrated in another way. If we 
bold up against the sun the erect figure of a man, cut out of 
t piece S black paper, and look at it steadily for a little 
while; if we then shut both eyes, we shall see an erect spec- 
trum of the man when the figure of the paper is erect, and 
in inverted spectrum of him when the figure is held in an 
iaverted position. In this case, there are no rays proceeding 
fixim the object to the retina after the eye is shut, and therefore 
tiie object is seen in the positions above mentioned, in virtue 
of the lines of visible direction being in all cases perpendicular 
to the imprfssed part of the retina. 

(170.) 4. On the law of distinct vwion.— When the eye 
is directed to any point of a landscape, it sees with perfect 
distuictness only that point of it which is directly in the axis 
of the eye, or the image of which fidls upon the central hole 
of the retina. But, tlKMigh wo do not see any point but the 
one with that distinctness which is necessary to examine it, 
we still see the other parts of the landscape with sufScient 
distinctness to enable us to enjoy its general efiect The ex- 
treme mobility of the eye, however, and the duration of the 
impressioiis made upon the retina, make up for this apparent 
defect, and enable us to see the landscape as perfectly as if 
every part of it were seen with equal distinctness. 

The indistinctness of visicm for all objects situated out of 
the axis of the eye increases with iheir distances from tliat 
axis; so that we are not entitled to ascribe the distinctness of 
visioD in the axis to the circumstance of the image bemg 
temed on the central hole of the retina, where there is no 
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nervous matter; for if this were the case, there would be t 
precise boundary between distinct and indistinct vision, or the 
retina would be found to grow thicker and thicker as it re- 
ceded from the central hole, which is not the case. 

In making some experiments on the indistinctness of vision 
at a distance from the axis of the eye, I was led to observe s 
very remarkable pecidiarity of oblique vision. If we shut one 
eye, and direct the other to any fixed point, such as the heid 
of a pin, we shall see indistinctly all otiier objects within the 
sphere of vision. Let one of these objects, thus seen indis- 
tmctly be a strip of white paper, or a pen Iving upon a greoi 
cloth. Then, after a short time, the strip or paper, or the pen, 
will disappear altogether, as if it were entirely removed, the 
impression of the g^reen cloth upon the surrounding parts of 
the eye extending itself over the part of the retina which the 
image of the pen occupied. In a short time the vanidied 
image will reappear, and again vanish. When both eyes are 
open, the very same effect takes place, but not so readily as 
with one eye. If the object seen indistinctly is a black stripe 
on a white ground, it will vanish in a similar manner. When 
the object seen obliquely is luminous, such as a candle, it will 
never vanish entirely, unless its light is much weakened by 
bein^ placed at a ^reat distance, but it swells and contracts, 
and IS encircled with a nebulous halo; so that the luminous 
impressions must extend themselves to adjacent parts of the 
retina which are not influenced by the light itself. 

If, when two candles are placed at Sie distance of aboat 
eight or ten feet from the eye, and about a foot from each 
other, we view the one directly and the other indirectly, the 
indirect image will swell, as we have already mentioned, and 
will be surrounded with a bright ring of yellow light, while 
the bright light within the ring will have a pale blue color. 
If the candles are viewed through a prism, the red and green 
light of the indirect image will vanish, and there will te left 
only a large mass of yellow terminated with a portion of blue 
light In making this experiment, and looking steadily and 
directly at one of the prismatic images of the candles, I was 
surprised to find that the red and green rays began to dis- 
appear, leaving only yellow and a small portion of blue ; and 
when the eye was kept immovably fixed on the same point of 
the image, the yellow light became almost pure white, so that 
the prismatic image was converted into an elongated image 
of white light. 

If the strip of white paper which is seen indirectly with 
both ey^ is placed so near the eye as to be seen double, Uie 
rays which proceed from it no longer fall upon corresponding 
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ats of the retina, and the two images do not vanish instan- 
eously. But when the one begins to disappear, the otfier 
ins soon after it, so that they sometimes i^pear to be ex- 
mished at the same time. 

^rom these results it appears that obli(jue or indirect vision 
nferior to direct vision, not only in distinctness, but j&om 
inability to preserve a sustained vision of objects; but 
igh thus defective, it possesses a superiority over direct 
[>n in giving us more perfect vision of minute objects, sudi 
small stars, which cannot be seen by direct vision. Thi^ 
ious &ct has been noticed by Mr. Herschel and Sir James 
th, and some of the French astronomers. ^ A rather sin-* 
u: method,*' say Messrs. Herschel and South, << of obtaining 
ew, and even a rough measure, of the angles of stars of 
last degree of faintness, has often been resorted to, viz. to 
id the eye to another part of the field. In this way, a 
X star, in the neighborhood of a hu^ one, will often be- 
le very conspicuous; so as to bear a certain illumination, 
ich will yet totally disappear, as if suddenly blotted out, 
3n the eye is turned full upon it, and so on, appearing and 
ippearing alternately as often as you please. The lateral 
tions of the retina, less fatigued by strong lights, and leas 
tausted by perpetual attention, are probably more sensible 
aint impressions than the central ones ; which may serve 
iccount for this phenomenon.'* 

The following explanation of this curious phenomenon 
ma to me more satis&ctory : — A luminous point seen fay 
ect vision^ or a sharp line of light viewed steadily for a 
isiderable time, throws the retina into a state of agitation 
hly un&vorable to distinct vision. If we look through the 
th (^ a fine comb held close to the eye, or even thrmigh a 
jrle aperture of the same narrowness, at a sheet of illumi- 
ed white paper, or even at the sky, the paper or the sky 
1 appear to be covered with an infinite number of broken 
[)cntine lines, parallel to the aperture, and in constant mo- 
i ; and as the aperture is turned round, these parallel undu- 
ons will also turn round. These black and white lines are 
iously undulations on the retina, which is sensible to the 
tressions of light in one phase of the undulatbn, and insen- 
e to it in anoSier phase. An analogous effect is produced 
looking stcdfastly, and for a considerable time, on the par- 
1 lines which represent the sea in certain maps. These 
9 will break into portions of serpentine lines, and all the 
matic tints will be seen included between the broken cur- 
near portions. A sliarp point or line of light is therefore 
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■ •ak often produced by the imprafeot vmiD a 

r sqaonce of which the good eye eaily is 

' " perfect eje will graduafly lose the power of fct^ 

■ atkXa of the other, and will therefore ]oak in M 

'. etion. The diaeaae of sqaiuting may be oft^ 

^..4.) . On lAe acammodatiim of the eye to differai 
dittaTKet. — Vhen the eye sees ol^ects distinctly at a grat, 
diBtancSi it is unable, witJiout aome change, to see objects dike 
tinctly at any less distance. This will be readilv seen bfi 
lookii^ hetweoa the fingerB at a distent object When tl«| 
.diBtant object ia seen diEtuictly, the fingeiE will be seen iodik- 
tinctly; and, if we look at the fingers so as to see them dis- 
tinctly, the dietaot object will be quite indiatiact The mut 
distingui^ed phUosophera have mainUuncil different miniiM, 
respcctiDg the roetiiod by which the eye adjusts itself lodif-: 
• ferent distancca Some have ascribed it to me mere enlargfr 
mcnt aod dimitiutlon of the pupil ; aome to the elongation (f 
the eye, by which the lelina is removed ftom the cryataiBW 
leos; some to the motion of the crystalline lens; am olheH 
, to a change in the convexity of the lens, on tiie euppoeitito 
that it consists of muscular fibres. I have ascerla.ined, M 
Birect ejmeniaent, that a variation in the aperture of the puiuli 
produced artiflBiaily, ia incapable of producing adjustneiit, 
and as an elonOTtion of the eye wouH alter the curvature rf 
the retina, and consequently the cejitre of viHiblo directioa, 
and produce a change of |dace ia the image, we ctsHriiw Aia 
hypotheaifi aa quite untenable. 

In order to discover the cause cf the adjustment, I made t 
eeriea of experiments, front which the following inferaKM nay 
be drawn : — 

lat, The contraction of the pupil, which necesaaiily U3aa 
place when the eye ia adjusted to near objects, does not jm- 
auce distinct vimon bjr (he diminution of the a^rture, bat bf 
Bome other action which necessarily accompanies it 

2dfy, That the eye adjusts itself to near objects by two 
actions ; one of which is volnntart/, depending wholly oa the 
will, and the other im/oluntary, depending on the atimulos of 
light ftlluw on the retina. 

8dly, T&t when the voluntary power of adiurtment ftaa, 
tike adjustment may still be effected by the invMnntary stinnh 
Ins of light 

Roastming trcm flrese intbrences, and other results rf a- 
pq^raL it seems difficult to avoid the condnsion that tbs 
powpr or adjuednent depends on the mechanism which COk- 
tracts and dilates the pupil ; and as this adjustment is ind^ 
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lent of the variation of its aperture, it must be effected by 
parts in immediate contact with the base of the iris. By 
idering the various ways in which the mechanism at the 
of the iris may produce the adjustment, it appears to be 
)8t certain that the lens is removed from the retina by the 
Faction of the pupil."" 

75.) 9. On the cause of longsightedness and shortsight' 
«ff. — ^Between the ages of 30 and 50, the eyes of most 
3118 begin to experience a remarkable chsuige, which 
orally £ows itself in a difficulty of reading small type or 
rinted books, particularly by candlelight This detect of 
t, which is called longsightedness, because objects are 

best at a distance, arises from a chanffe in the state of 
;iTstalline lens, by which its density and refractive power, 
ell as its form, are altered. It frequently begins at the 
pn of the lens, and takes several months to go round it, 
it is often accompanied with a partial separation of the 
ns and even of the fibres of the lens. " If the human 
** as I have elsewhere remarked, *' is not managed with 
iliar care at this period, the change in the condition of the 
often runs into cataract, or terminates in a derangement 
lures, which, though not indicated by white opacity, occa- 
3 imperfections of vision that are oflen mistaken for 
urosis and other diseasea A skilful oculist, who thoroughly 
^rstBiids the structure of the eye, and all its optical func- 
3, would have no difficulty, by means of nice experiments, 
etecting the very portion of the lens where this change 
taken place ; in determining the nature and magnitude of 
change which is going on ; in applying the proper reme- 
foT Stopping its progress ; and in ascertaining whether it 
advanced to such a state that aid can be obtained from 
rex or concave lenses. In such cases, lenses are often re- 
3d to before the crystalline lens has suffered a uniform 
ige of figure or of density, and the use of them cannot 
to agCTavate the very evils which they are intended to 
edy. In diseases of the lens, where the separation of 
!8 IS confined to small spots, and is yet of such magnitude 
o give separate colored images of a luminous object, or 
l^mj halos of light, it is often necessary to limit the aper- 

of the spectacles, so as to allow the vision to be performed 
he good part of the crystalline lens." 
his defect of the eye, when it is not accompanied with 
may be completely remedied by a convex lens, which 



^r a fuller account of these experiments, sec Edinburgh Journal qf 
c$t No. I. p. 77. 
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makes up for the flatness and diminished refractive power 
the crystalline, and enables the eye to converge the penc 
flowing from near objects to distinct foci on the retina. 

Shortsightedness ^ows itself in an inability to see at a d 
tance ; a^ those who eicperience this defect bring minute ( 
jects.very near the eye in order to see them distinctly. T 
rays from remote objects are in this case converged to foci 1 
fore they reach the retina, and therefore the picture m t 
retina is indistinct This imperfection often appears in eai 
Me, and arises from an increase of density in the central pa 
of the crystalline lens. By using alsuitable concave lens t 
convergency of the ra3rs is delayed, so that a distinct ima 
can be formed on the retina. 



CHAP. XXXVI. 

ON ACCIDENTAL COLORS AND COLORED SHADOWa 

(17B.) When the eye has been strongly impressed w 
any particular ^cies of colored light, and when in this sb 
it looks at a sheet ci white paper, the paper does not app( 
to it white^ w of the color with which the eye was impress 
but ci a different color, which is said to be the accidental ca 
of the color with which the eye was impressed. If we pla 
for example, a bright red wafer upon a sheet of white pap 
and fix the eye steadily upon a mark in the centre of it, & 
if we turn the eye upon the white paper we shall see a c 
cular spot of bluish green light, of the same size as the waf 
This color, which is called the accidental color of red, v 
gradually fede away. The bluish green image of the wafer 
called an ocular spectrum, because it is impressed on the e^ 
and may be carried about with it for a short time. 

If we make the preceding experiment with difierendy c 
ored wafers, we shall obtain ocular spectra whose colors va 
with the color of the wafer employed, as in the following tab 

Color of th« W«for AccWentrt Color, or Color oT 

the Orular Spectnua. 



Rod. J3Iuish green. 

Orange/ Blue. 

Yellow. Indigo. 

Green. Reddish violet 

Blue. Orange red. 

Indigo. Orange yellow. 

Violet. Yellow green. 

Black. White. 

White Black. 
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In order to find the accidental color of any color in the speo- 
tmm, take half the length of the spectrum in a pair of com- 
poases, and setting one K)ot in the color whose accidental color 
18 required, the other will fall upon the accidental color. 
Hence the law of accidental colors derived firom observation 
may be thus stated : — ^The accidental color of any color in a 
jnrismatic spectrum, is that color which in the same spectrum 
IB distant from the first color half the length of the spectrum ; 
or, if we arrange all the colors of any prismatic spectrum in 
a. circle, in their due proportions, the accidental color of any 
particular color will be the color exactly opposite that par- 
ticular color. Hence the two colors have been called opposite 
colors. 

If the primitive color, or tliat which impresses the eye, is 
reduced to the same degree of intensity as the accidental 
color, we shall find that the one is the complement oi' the 
other, or what the other wants to make it white light ; that 
is, the primitive and the accidental colors will, when reduced 
to the same degree of intensity which they have in the spec- 
trum, and when mixed together, make white li^t On this 
account accidental colors have been called compUmmttary 
eobrs. 

With the aid of these facts, the theory of accidental colors 
will be readily understood. When the eye has been for some 
time fixed on the red wafer, the part of the retina occupied 
hf the red image is strongly excited, or, as it were, deadened 
Inr its continu^ action. The sensibility to red light will 
therefore be diminished ; and, consequently, when the eye is 
tamed firom the red wafer to the white paper, the deadened 
portion of the retina will be insensible to the red rays which 
ma part of the white light from the paper, and consequently 
will see the paper of that color which arises fix)m all the rays 
in the white light of the paper but the red ; that is, of a bluish 
green color, which is therefore the true complementary color 
of the red. When a black wafer is placed on a white 
ffround, the circular portion of the retina, on which the black 
image falls, in place of being deadened, is refreshed, as it 
were, by the absence of light, while all the surrounding parts 
of the retina, being excited by the white light of the paper, 
will be deadened by its continued action. Hence, when the 
eye is directed to liie white paper, it will see a white circle 
corresponding to the black image on the retina ; so that the 
accidental color of black is white. For the same reason, if a 
white wafer is placed on a black ground, and viewed stedfastly 
for some time, the eye will afterwards see a black circular 
space ; so that the accidental color of white is black. 
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Such are the phenomena of accidental colors when weak 
light is employed ; but when the eye is impressed powerfully 
with a bright white light, the phenomena have quite a difierent 
character. The first person who made this experiment with 
any care was Sir Isaac Newton, who sent an account cf the 
results to Mr. Locke, but they were not published till 1829.* 
Many years before 1691, Sir Isaac, having shut his left eye^ 
directed the right one to the image of the sun reflected firam 
a looking-glass. In order to see the imprefisicm which wai 
made, he turned his eye to a dark comer of his room, wbeo 
he observed a bright spot made by the sun, encircled by rii^ 
of colors. This '* phantom of light and colors," as he calk i^ 
gradually vanished ; but whenever he thought of it, it retoni* 
ed, and became as lively and vivid as at first He rashly m- 
peated the experiment three times, and his eye was impre^ed 
to such a degree, '' that whenever I looked upon the cloodi^ 
or a book, or a bright object, I saw upon it a round bright 
spot of light like the sun ; and!, which is still stranger, thoi^ 
I looked upon the sun with my right eye only, and not with 
my left, yet my fancy began to make an impression on my left 
eye as well as upon my right ; for if I shut my ri^t eye, or 
looked upon a book or the clouds with my left eye, I coiud see 
the spectrum of the sun almost as plain as with my right eye.** 
The eflTect of this experiment was such, that Sir Isaac dlant 
neither write nor read, but was obliged to shut himself com- 
pletely up in a dark chamber for three da]^ together, and by 
keeping in the dark, and employing his mind about other 
things, he began, in about three or four days, to recover the 
use of his eyes. In these experiments. Sir Isaac's attentioQ 
was more taken up with the metaphysical than with the op- 
tical results of them, so that he has not described either the 
colors which he saw, or the changes which they underwent 

Experiments of a similar kind were made by M. iBpinos. 
When the sun was near the horizon, he fixed his eye steadily 
on the solar disc for 15 seconds. Upon shutting nis eye he 
saw an irregular pale sulphur yellow image of the sun, enchr- 
cled with a fiiint red border. As soon as he opened his eye 
upon a white ground, the image of the sun was a hroumtk 
red, and its surrounding border sky blue. With his eye again 
shut, the image of the sun became green with a red boraer, 
different from the last Turning his eye again upon a white 
ground, the sun's image was more red, and its border a brighter 
sky blue. When the eye was shut, the green spectrum be- 
came a greenish sky blue, and then a fine sky blue, wi& the 

''' In I/ord King's Lifb of Locke. 
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wing a finer red ; and when the eye was open, the 
)ecame a finer red, and its border a finer blue. M. 
>ticed, that when his eye was fixed upon the white 
3 image of the sun frequently disappeared, returned, 
eared again. 

he year 1808, 1 was led to repeat the preceding ex- 

of iEpinus; but, instead ox looking at the sun 

dingy color, I took advantage of a fine summer's 

the sun was near the meridian, and I formed upon 

round a brilliant image of his disc by the concave 

of a reflecting telescope. Tying up my right eye, 

his luminous disc with my left eye through a tube, 

the retina was highly excited, I turned my left eye 

ground, and observed the following spectra by al- 

)pening and shutting it : — 

Spectn with left eye open. . ' ; Spectn with left ej* ihVL 

k surrounded with green. Green. 

inge mixed with pink. Blue. 

Uowish brown. Bluish pink. 

Uow. 

:e red. Sky blue 

mge. Indigo. 

ncovermg my right eye, and turning it to a white 
was surprised to observe that it also gave a colored 

exactly the reverse of the first spectrum, which 
with a green border. The reverse spectrum was a 
\i a pinkish border. This experiment was repeated 
is, and always with the same result ; so that it would 
Lt the impression of the solar image was conveyed 
ic nerve from the left to the right eye. Sir I^c 
upposed that it was his fimcy that transferred the 
n his left to his right eye ; but we are disposed to 
: in his experiment no transference took place, bc- 

spectrum wliich he saw with both eyes was the 
ireas in my experiment it was the reverse one. We 
wever speak decidedly on this point, as Sir Isaac 
•serve that the spectra with the eye shut were the 
:' those seen with the eye open. If a spectrum ia 
3rmed on one eye, it is a very difficult matter to de- 
1 wliich eye it is formed, and it would be impossible 
if the spectrum was the same when the eye was 
shut 

enomena of accidental colors are often finely seen 
eye has not been strongly impressed with any par- 
ored object It was long ago observed by IL Meusr- 

W2 
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nier, that when the sun shone through a hole a quarter of n 
inch in diameter in a red curtain, the image of me Imninoai 
spot was green. In like manner, every persoiL must have ob*' 
served in a brightly painted room, illuminated by the son, 1M 
I the parts of any white object on which the colcnred light doa 
not Mi, exhibit the complementary colors. In cider to m 
this class of phenomena, I have found the followinff medud 
the simplest and the best Having lighted two cancUes, hoU 
before one of them a piece of colored glass, suppose briefat red| 
and remove the other candle to such a distance that uie tm 
shadows of any body formed upon a piece of white paper mf 
be equally dark. In this case one of the shadows will be ra^ 
and the other green. With blue glass, one of them will to 
blue, and the other orange yellow ; the one being inyanaUf 
the accidental color of the other. The very^ same efiect my 
be produced in daylight by two holes in a wmdow-shutter; me 
one being covered with a colored glass, and the other tnni* 
mitting Bie white light of the sl^. Accidental colorB may 
also be seen by looking at the image of a candle, ex any white 
object seen by reflexion from a plate or sur&ce of odond 
glass sufficiently thin to throw back its color from the seoGod 
surface. In this case the reflected image will always have 
the complementary color of the glass. The same eflSsct mty 
be seen in looking at the image of a candle reflected from the 
water in a blue miger-glass ; the image of the candle is yel- 
lowish : but the enect is not so decided in this case, as the 
retina is not sufficiently impressed with the blue light of tbe 
glass. 

These phenomena are obviously diflerent from those which 
are produced by colored wafers ; because in the present case 
the accidental color is seen by a portion of the retina which 
is not affected, or deadened as it were, by the primitive color. 
A new theory of accidental colors is therefore requisite, to 
embrace tliis class of facts. 

As in acoustics, where every fundamental sound is actually 
accompanied with its harmonic sound, so in the impressions gi 
light, the sensation of one color is accompanied by a weaker 
sensation of its accidental or harmonic color.* When we look 
at the re J water, we are at the same time, with the same po^ 
tion of the retina, seeing green ; but being much fidnter, 't 
seems only to dilute the red, and make it, as it were, whiter, 
by the combination of the two sensations. When the eye 
looks from the wafer to the white paper, the permanent sen- 

* The term harmonic has been applied to accidental colors ; becaoie the 
primitive and its accidental color harmonize with each other in puntiflf. 
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D oT the accidental color remains, and we see a green 
ia»ge. The duration of the primitive impreasion is only a 
||Mction of a second, as we have already shown ; but the dura- 
ma of the harmonic impression continues for a time propar- 
Ignal ta Iho strength of tlie impression. la order to apply 
IWiit viewE to the second class of tacts, ne must have re- 
norae to another principle ; namely, that wfien the whole or 
L sreBt part of the retina hiis tiie Honsation of any primitive 
iUor, a pOTtion of the retina protected ftonj the impresaion of 
he color is actually thrown into that state which gives the 
woidentsl or harmonic color. By the vibrations probebly 
^onunimicated trom the surrounding portions, the influence ci* 
ha direct or primitive color is not propagated to parts free 
feom its action, exceplina; in the particukz case of oblique 
Finon fimnerly mentioned. When the eye, therefore, looks 
It the while spot of solar light aeon in the middle of the red 
,10)t of Uie curtain, the whole of the retina, except the por- 
'oou occupied by the image of the wliite spot, is in the state 
af seeing every thing green; and as the vibrations which 
DOQBtitute tliis state spread over the portions of the retina 
l^on which no red light falls, it will, of course, see the white 
nreular spot green. 

(177.) A very reraarkabie phenomenon of accidental colors, 
in which the eye is not excited by any priniitive color, was 
daerved by Mr. Smith, surgeon in Fochabers. If we hold a 
nantiw strip of white paper vertically, about a foot ftom the 
«ye, and fix both eyes upon an object at some distance beyond 
% then if we allow the light of the sun, or the light of a can- 
dle, to act strongly upon the right eye, without afiecting the 
left, which may be easily protected from its influence, the kjt 
iBad strip of paper will be seen of a bright grtea color, and 
the right hand strip of a red color. If the strip of paper is 
■ufEcientty broad to make the two images overlap each other, 
Ilie overlapping parts will be perfectly while, aiid free from 
odor; which proves tbattiie red and green are complementary. 
When equally luminous candles are held near each eye, the 
two Strips of paper will be white. If when the candle is held 
nev the right eye, and the strips of paper are seen red and 
" "MTt, then on bringing the candle suddenly to the left eye, 

a left hand image <? the paper will gradually change to 
gften, and the ri^ht hand image to red. 

(178.) A Bingular affection of the retina, in reference to 
oalara, is ijiown in the inability of some eyes to distingui^ 
eertain colors of the spectrum. The persons who experience 
Ihis defect have their eyea gcucrally in a eound stale, and are 
capolite of performing all the most aeticato functions of visiOB. 
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Mr. Harris, a shoemaker at Allonby, was unable fiom lu8 i 
&Dcy to distinguish the cherries of a cherry-tree from 
leaves, in so &r as color was concerned. Two of his * 
were equally defective in this respect, and always 
orange far grass green, and light green for yeUow, • 
himself could only distinguish black and white. Mr. 
who describes his own case in the Philosophical Transactiaa^ 
mistook pink for a pale blue, and a full re^ for a full green. 

All kinds of yellows and blues, except sky blue, he cooM 
discern with great nicety. His father, his maternal nnde, 
one of his sisters, and her two sons, had all the same defect 

A tailor at Plymouth, whose case is described by Mr. 
Harvey, regarded the sokr spectrum as consisting only of ^ 
low and light blue ; and he could distingpish with certainty 
only yellow, white, and green. He regaraed indigo and Pros- 
sian blue as black. 

Mr. R. Tucker describes the colors of the spectrum as Al- 
lows : — 



Red mistaken fi>r Brown. 

Orange .... Green. 

Yellow sometimes Orange. 

Green .... Orange. 



Blue sometimes Pink. 
Indigo • • . Purine. 
Violet ... Poi}^ 



A gentleman in the prime of life, whose case I had occasiOQ 
to examine, saw only two colors in the spectrum, viz. yeUow 
and blue. When the middle of the red space was absorbdl 
by a blue glass, he saw the black space, with what he odled 
the yellow, on each side of it. This defect in the perception 
of color was experienced by the late Mr. Dugald Stewart, 
who could not perceive any difference in the color of the scar- 
let fruit of the Siberian crab and that of its leaves. Mr. 
Dalton is unable to distinguish blue from pink by daylight, and 
in the solar spectrum the red is scarcely visible, the rest of it 
appearing to consist of two colors. Mr. Troughton has the 
same defect, and is capable of fully appreciating only blue and 
yellow colors ; and when he names colors, the names of blue 
and yellow correspond to the more and less refrangible raya, 
all those which belong to the former exciting the sensation of 
blueuess, and those which belong to the latter the sensation d" 
yellowness. 

In almost all those cases, the different prismatic colors have 
tlie power of exciting the sensation of light, and giving a dis- 
tinct vision of objects, excepting in the case of Mr. Dalton, 
wlio is said to be scarcely able to see the red extremity of the 
spectrum. 

Mr. Dalton has endeavored to explain this peculiarity of 




plaub anh cubved hiebobs. 



II touniled. Mr. Herscliel attributes this Elate uf v. 
)ct in the eenaorium, by which it la rendered incapable 
B( appreciating exn^tly those diHerenceB between toys o 
vbidi their color depends,* 



ON OPTICAL INSTRUMENTS. 



ithe optical instriiments now in use have, with the ex- | 
_,_.»of the burning mirrors of Archimedes, been invented 
hy modem philosophers and opLicians. Tiie principles upon 
Wiich most of them have been constructed have already been 
explained. In the preceding chapters, and we shall therefore 
confine ourselves, as much as possible, to a general account of 
th^ construction and properties. 



CHAP, xxxvn. 



(179.) OsB of the simplest optical instruments is the tingle 
plime mirror, or looking-glass, which consistii of a plate of 
etaes with pnmllel surfaces, one of which Is covered wilh tin- 
Mttnd quicksilver. The glass performs no other port in thia 
kind of plane mirror thB.n that of holding and ^ving a polished 
niffiu» to the thin bright him of nietal which is extended over 
iL If the surfaces of the plate of glass arc not parallel, wo 
AAH see two, three, and four images of all luminous ohjecta 
■een obliquely ; but even when the surfaces are parallel, two 
imues erf an object are fcrmed, one reflected from the first 
Bumce of glass, and the other from tlie posterior eur^e of 
metal ; and the distance of tliese images will increase witlt 
the thickness of the glass. The image reflected from tho 
eias ia, however, very faint compared witli the other; so that 
mr ordinary purposes a plane ghtas mirror is sufficiently ao- 
carat«; but when a plane mirror forms a port of an optical 
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of copper ind t 
is culled a speculum. Tlie farroitko 
and Bpecuk haa been fully desciUnd 



Kaleidoscope. 
(180.) Wlien two pliuie mirrotB are combined 
Iw manner, and placed in & particular position relative hi 
gl^ect, or series of objecia, and the eye, Ihey cooslitote 
kaieidosaipe, or instrument for creating and exhibit 
beautiliil forma. If A C, B C, far example, be sections of 
plane miirora, and M N an object placed between them or 
Fir. m front of each, the mirror A C will fir 

behind it an image mn of the object JU 
inner shown in Jig-, 16. In 1' 
tho mirror B G will fbnn 
N' behind iL But, ea we tt 

formerly ehown, these imagea may be t 

eidered as new objects, and therefi)ie 
A C will form behind it aa inn 

M" N", of the object or image M' N', i 
B C will form behind it an image, m' n', of the object or ' 
m n. In like manner it will he found that m" n" will ' 
image of the object or image M" N", formed by B C, 
the objector image irt'ji', formed by AC. Hence m"- 
actually consist of two images overlapping each otlier and 
forming one, provided the angle A C B ia exactly 60°i 0* 
Bixtii part of a circumference of 3G0°. In this case all 
Bis iraag^a (two of the six forming only one, m" »".) \ 
along with the original object, M N, form a perfect eqnilit.. 
triangle. The object, M N, ia drawn perpendicular to tJi 
\ mirror B C, in consequence of which M N and M' N' fi 
one straight lino ; but if M N is moved, all the images i 
move, and the figure of all the images combined will t 
another figure of perfect rcjfularifj, and exhibiting thft a 
beautiful Tariations, all of which may be drawn by the mi '" 
already described. In reference to the multiplicalion ft 
rangement of the imafroti, this ia the principle of the ki„ 
■cope; but the principle of symmetry, which ia essentia) to . 
inatrument, depends on the position of the object and tiie e 
ThiHprinciple will be understood from^^. 144., where AC 
and BCE represent lite two mirrors inclined at a 
A C B, and having C E for tlieir line of junction, or 
intersection. If the object ia placed at a distance, as at M N, 
then (here is no position of the eye at or above E whidi wil 
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gne a flymmetrical arrangement of the six images shown in 
fg, 143. ; for the corresponding parts of the one will never 




kun the corresponding parts of the other. As the object is 
brought nearer and nearer, the symmetiy increases^ and is 
most complete when the object M N is quite close to A B C, 
the ends of the reflectors. But even here it will not be per- 
fect, unless the eye is placed as near as possible to E, the line 
of junction of the reflectors. The following, therefore, are the 
three conditions of S3rmmetry in the kaleidoscope : — 

1. That the reflectors sliould be placed at an angle which 
is an even or an odd aliquot part of a circle, when the object 
is regular and similarly situated with respect to both the mir- 
rors ; or an even aliquot part of a circle, when the object is 
irregular. 

2. That out of an infinite number of positions for the object 
botii within and without the reflectors, there is only one posi- 
tion where perfect symmetry can be obtained, namely, by 
placing the object in contact with the ends of the reflectors, or 
between them. 

3. That out of an infinite number of positions for the situa- 
tion of the eye^ there is only one where the symmetry is jwr- 
fect, namely, as near as possible to the angular point, so timt 
the whole of the circular field can be distinctly seen ; and tliid 
point is the only one at which the uniformity of the reflected 
light is greatest. 

In order to give variet]^ to the figures formed by the instru- 
ment, the objects, consisting of pieces of colored glass, twisted 
glass of various curvatures, &c, are placed in a narrow cell 
between two circular pieces of glass, leaving them just room 
to move about, while this cell is turned round by the hand. 
The pictures thus presented to the eye are beyond all descrip- 
tion splendid and beautifiil; an endless variety of symmetrical 
oombmations presenting themselves to view, and never again 
recurring with the same form and color. 

Pot the purpose of extending the power of the instrument, 
and introducing into symmetncal pictures external objects. 
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whether animate oar inanimate, I applied a convex lena^ LI^ 
fig, 144., by means of which an inverted ima^ of a distant 
object, M N, may be formed at the very extremity of the Ini^ 
roFB, and therefore brought into a position of greater sym- 
metry than can be effected in any other way. In mis constnio* 
tion the lens is placed in one tube and the reflectors in an- 
other ; so that by pulling out or pushing in the tube next the 
eye, the images of objects at any distance can be formed at 
the place of symmetry. In this way, flowers, trees, animals, 
pictures, busts, may be introduced into sjrmmetrical combioft- 
tions. When the distance £ B is less than that at which tlie 
eye sees objects distinctly, it is necessary to place a convex 
lens at £, to give distinct vision of the objects in the pictme. 
See my Treatise on ike Kaleidoscope, 

Plane burning Mirrors 

(181.) A combination of plane burning mirrors forms a pow- 
ernil burning instrument ; and it is highly probable that it wbs 
with such a combination that Archimedes destroyed the flbips 
of Marcellua Athanasius Eircher, who first proved the effi- 
cacy of a union of plane mirrors, went with his pupil Scheiner 
to Syracuse, to examine the position of the hostile fleet ; and 
they were both satisfied that the ships of Marcellus could not 
have been more than thirty paces distant fix)m Archimedes. 

Buffon constructed a burning apparatus upon this principle, 
which may be easily explained. If we reflect the light of the 
sun upon one clieek by a small piece of plane looking-glass, 
we sliall experience a sensation of heat less tlian if the direct 
light of the sun fell upon it If with the other hand we re- 
flect the sun's light upon the same cheek with another piece 
of mirror, the warmth will be increased, and so on, till with 
five or six pieces we can no longer endure the heat. Buffon 
combined 168 pieces of mirror, 6 inches by 8, so that he could, 
by a little mechanism connected with each, cause them to 
reflect the light of the sun upon one spot Those pieces of 
glass were selected whicii gave the smallest image of tlie sun 
at 250 feet 

The following were the effects produced by different num- 
bers of these mirrors : — 

Effect prodaccd. 

Small combustibles inflamed. 
Beech plank burned. 
Tarred Ixjcch plank inflamed. 
Pewter flask Gib. weiglit melted. 
Tarred and sulphured plank set on fire. 



No. of 


Distance of 


Mirron. 


Olowt. 


12 


20 feet 


21 


20 


40 


66 


45 


20 


98 


126 



eaxr. xxxtu. convex akd concave mirboks. 

113 138 rinnk covered with wool set on Gro. 

U7 SO Some thill pieces or silver melled. 

128 150 Tarrei) Sr pLuik «ct on firo. 

148 150 Beecb plank sulpbured inSotned violontly. 

1S4 ISO Tarred pluik Bwokcd TiolcnlJjr. 

1 ti ntn J CliipB of fir deal sulphured and miied wilh 

2S4 40 Plalea of sUvor mdtcd. 

As it is difficult to adjust the mirrors wkile the eun changes 
lu« place, M. Peymrd proposes to produce grent cflects by 
BKxmtiiig each mirror in a separate trame, carrving a tele- 
teape, by means of which cue person can direct the reflected 
lavs to the object which is to be burned. He conceives that 
With 590 glosses, about 30 inclies in diameter, he could reduce 
a fleet to ashei at the distance of a quarter of a league, and 
with glases of double tliat slae aX tho distance of lialf a 
]e*jpue. 

Plane glass mirrors have Isen combined permanently into a 
parabolic form, for the purpose of burning objects placed in 
the focus of the parabola, by the sun's lajs; and the same 
combiDation has been used, and is still in use, for lighthouse 
leflectois, the light being placed in the focu9 1^ t)ie parabola. 

Convex ajid Coni:ave MirroTi. 

(182.) The general properties of convex and concave mir- 
luta have lieen already described in Chap. 11. Convex mirrors 
•n used principally oa household ornaments, and are charac- 
tnized by their property of forming erect and diminished 
images of all objects placed before theu, and these images ap- 
pew (o be situated behind the mirror. 

Concave mirrors are distinguished by their property of 
IinniDg in front of them, and m the air, inverted images of 
erect c^jects, or erect images of inverted objects, placed at 
■me distance beyond tlicir principal focus. If a flne trans- 
nrent cloud of blue smoke is raised, by means of a clioling- 
oA, around the (bcus of a large concave mirror, the ima^ of 
«oj highly illuminated object will be depicted, in the middle 
t£ it, with great beauty. A skull concealed irom tlio observer 
H •oatetimcs used, to surprise the ignorant; and whenadish 
«r fhiit has been depicted in a similBx manner, a spectatM", 
■Iretching out his hand to seize iU is met with the image of a 
drawn digger, which has been quicUy substituted for the fruit 
■t the other conjugate Ibcus of the muror 
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Concave mirrors have been used as lighthouse refle< 
and as burning instruments. When used m lighthouses, 
are formed of plates of copper plated with suver, and 
«re hammered into a parabolic form, and then polished 
the hand. A lamp placed in the focus of the parabola 
have its divergent light thrown, after reflexion, into somel 
like a parallel beam, which will retain its intensity at a { 
distance. 

When concave mirrors are used for burning, they are ^ 
rally made spherical, and regularly ground and polished 
a tool, like the specula used in telescopes. The most 
brated of these were made by M. Villele, of Lyons, who 
cuted five large ones. One of the best of them, which 
sisted of copper and tin, was very nearly four feet in diam 
and its focal length thirty-eight inches. It melted a piec 
Pompey's pillar in fifty seconds, a silver sixpence in s 
seconds and a half^ a halfpenny in sixteen seconds, cast 
in sixteen seconds, slate in three seconds, and thm tile in 
seconds. 

Cylindrical Mirrors 

(183.) All objects seen by reflexion in a cylindrical m 
are necessarily distorted. If an ol^erver looks into su 
mirror with its axis standing vertically, he will see the ii 
of his head of the same length as the original, because 
surface of the mirror is a straight line in a vertical direc 
The breadth of the face will he greatly contracted in a '. 
zontal direction, because the surface is very convex in 
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i^irecticiii, tinil in intermedittte directiona the head will have 
iBtenncdiatt! bretwllhs. If the axis oF tlie mirror is held liori- 
saulally, the face will be as broad as life, and exceedingly 
l«3iarl. If a picture or portrait M N is laid down horizonWly 
liBfore the mirror A B, jig'. 145., the reflected image of it will 
Wfaigiily distorted; but the picture niaj be drawn disUirted 
BCGording to regultic laws, bo that its image shall have the 
' Smst correct proportiong. 

(^lindrical mirrora, which are now very uncommon, used 
t&be taade tar this purpose, and were accompanied with a 
■eriea of distorted figures, which, when seen by the eye, liare 
Heather shape nor meaniog, hut when hid down before a cylin- 
drical mirror, the reflected image of them has the moat per- 
teet proportions. This effect is shown in jSff. 145., where 
M N is a distorted ligiire, whose imago in the mirror A B baa 
tiut appearsacB of a regular portrait. 
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Spectacles and reading glasses are among the simplest and 

mst useful of optical instruments. In order to enable a par- 

va wlio liU3 imperfect vision to see small objecla distinctly, 

wlien they are not hr from the eye, such as small manuscript, 

wsmall type, a convex lens of very short focus must be used 

both by those who are long and short sighted. 

When a short-sighted person, wlio cannot see well at a dia- 

i twee, wishes to have distinct vision at any particular distance, 

he must nae a concave lens, whose focal length will be found 

thus, — Multiply the distance at which he sees objecla moat 

dioinctly by the distance at which he wishes to see them die- 

I tioctty with a concave lens, and divide tliia product by the 

I diflerence of the above distances. 

Along-sighted person, who cannot see near objSclsdistioctly, 
must use u convex lent, whose focal length is found by tho 
preceding rule. 

In choosing spectacles, however, the best way is to select, 
oat c^ a number, tliose which are found to answer best tiia 



peracopic, from then' property of giving a (vider field ol 
tincl viaion than the common ones. The lenses used for this 
pnrpoee, as sltown at II and I, fig. ID., arc nieniiicuses, in 
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wUeh the conveTity prodorobate^ for long-sightBdi 
and concaiQ-convex leneea, in which the coDcavi^ i 

nates, Ibi short-Big-hted persons. Perisicopic speclaclE 
cidedly give more imperfect vision than common 
becausB they bcreaBe both the aberraUon of figi 
color; but they may be of use in a crowded city, 
UB of the oblique approach of objects. 

Burning and lUianinaling Lcntes. 

(1B4.) Convex lenses poesess peculiar advanlBges lor e 

centrating the sun's rayB, and for conveying' to ui ' 

distance a condensed and pomllel beam of light 
found that a c<mvex lens, with a long local length, was ptd 
able to one of a short focal length for fusing metals by 
concentration of the sun's rays. A lens, for ezanple, 
inches in diameter and 6 inches in focal length, with the 
ameter of its focus 8 lines, melted copper in lese than 
minute ; while a small lens 32 lines in diameter, with a fa 
length of 6 lines, and its focus J of a line, was scarcely ci 
ble of heating copper. 

The most perfect burning lens ever constructed \ 
cuted by Mr. Parker, of Fleet Street, at an expense of 71 
It was made of flint glass, was three feet in diameter, U 
weighed 212 pounds. It was 3^ inches tliick at the contiu 
the focal distance was 6 feet 8 iiichea, and the diameter rftl 
image of the sun in its tbcus one inch. The rays le&ad 
by the lens were received on a second lens, in whose fbcas t 
objects to be fused were placed. This second lens had ai 
posed diameter of 13 inches; its central thickness was] 
an inch ; the length of its focus was 29 inches. The dioD 
of the focal image was | of an inch. Its weight was ! 

CuIk The combined focal lenaih of tlie two lenses w( 
3 inches, and the diameler of the fijcal imagejaok.— 
By meana of Ibis powerful burning lens, platinum, gold, iHv 
copper, tin, quartz, agate, jasper, flint, topaK, garnet, af"" — 
wi. were melted in a few seconds. 

Various causes have prevented philosopher! 

ing burning ienses of greater moimitude than that n 
Mr. Parker. The impossibility of procuring pure fiinl g 
tolerably free from veins and tmpuntica fur a large nUd r 
the trouble and expense of casting it into a lenticular 
without Baws and impurities; the great increase of ce 
thickness which becomes necessary by increasing the 
of the lens ; ihe enormous obstruction that is thus oppot 
" ' n of the solar rays, and the increased 
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'Btioii which dissipates the rays at the focal point, are insuper- 
ible dbetacles to the construction of solid lenses of any con- 
aderable size. 

(185ii) In order to improve a solid lens formed of one piece 
]f glass, whose section is A mp B E D A, Buffon proposed to 
cat out all the glass left white in the figure, viz. the portions 
between fnp,Ji^, 146., and n o, and between n o and the left 
hand surface of D K A lens thus constructed would 
be incomparably superior to the solid one AmpB'Q 
D A ; but such a process we conceive to be imprac* 
ticable on a large scale, from the extreme difficulty 
of polishing the sur&ces A m, B |i, C n, F o, and 
|D the left hand surface of D E ; and even if it were 
practicable, the greatest imperfections in the glass 
might happen to occur in the parts which are left. 

£i order to remove these unperfections, and to 
construct lenses of any size, I proposed, in 1811, to 
build them up of separate zones or rings, each of 
which rings was again to be composed of separate 
segments, as shown in the front view of the lens in Jig. 147. 
This lens is composed of one central lens, A B C D, corre- 
spooding with its section D E in Jig, 146., of a middle ring 

G E L I corresponding to C D E F in 
Jig, 146., and consistmg of Jive seg- 
ments; and another ring,NPRT, 
corresponding to A C F B, and con« 
sisting of eight segments. 
The preceding construction obvi- 
)T ously puts it in our power to execute 
these compound lenses, to which I 
have given the name of polyzonal 
lenses, of pure flint glass firee from 
veins ; but it possesses another great 
advantage, namely, that of enabling 
OS to correct, very nearly, the spherical aberration, by making 
the foci of each zone coincide. 

One of these lenses was constructed, under my direction, 
for the Commissioners of Northern Lighthouses, by Messrs. 
W. and P. Gilbert It was made of pure flint glass, was 
three feet in diameter, and consisted of many zones and seg- 
mentsL Lenses of tliis kind have been made in France of 
crown glass, and have been introduced into the principal 
French lighthouses; a purpose to which they are mfinitely 
better adapted than the best constructed parabolic reflectors 
made of metal. 
A pdyzonal lens of at least four feet in diameter will be 

X2 





rJily executed as a burning-gla*, and will. Q 
moet powerful evet made. Tlie meanH of e 
have been, lo a consideraWe degree, supplied by tf 
liberality of Mr. Swinton and Mr. Colder, and ot' "" 
<f Calcutta. 



I 

J 186.) Thb general properties of the i 
decomposing light have alreaily been , 
a[^ication as an optical instrumeat, or as an iiiipoitant putd 
optical instruments, remains to be deecribed. 

A rectangular prisui, ABC, Jig. 148., was first applied i] 
Sir Isaac Newton as a plane mirror for reilecting- to a ade tb( 
nya which tbrm the image in reficctuig telescopes. 1^ 

IFig.ne. 
angles, B A C, B C A, beiufr each 45", and B a right aq 



e intQB 
bat bH 



angles, B A C, B C A, beiufr each 45", and B a right anglq 
mja felling on the fiice A B will be reflected by tlie back •01 
&ce B C as if it were a plane metallic mirror; fiv whatevi 
be the refraction which they sutler at .tlicir cutruDce L 
fiice A B, they will suffer aa equal and opposite one aj 
fico BC. The great value of such a mirror i^ tbat ■ 
incident rays ftll upon A C at an angle greater than that i 
which total reflexion commences, Ihey wHl aUsn "" ' ' ' 
fiemoti, and not a ray will be lost; whereas in 
tonic speculum nearly half the light is IogC. A portioQ I 
light, however, is lost by reflexion at the two surfaces A! 
B C, and a small portion by the absorption of tlie glas iSti 
I Sir laoc Newton abo proposed the coniiex priwm, shown 



ON PRISMATIC LENSES. 
R tiie &COS D F, F E being ground convei, An analo- 
"•iam, called the meiiiscu* prism, and ehown at G U I, 
1 used by M. Chevalier, of Paris, for the camera ob- 
it differs only from Newtun's in the second fecc, I H, 
„ cmcave in place of convex. 

n account of the difficult execution of these prisms, I have 
" "Td to use a hemiapliorical lens, L M N, the two ctmvei 
e of which are ground at Ihe same tima When a 
_ 3r focus is required, a concave lens, E Q, of a longer focufl 
1 the hemiaphere P R Q, may be placed or cemented od 
glower Burfece, and if the concave lens is formed out of a. 
B of a diflerent dispersive power, it may be made to 
^ Bct the color of Hie convex lens. 

ft single prism is used with peculiar advantage for inverting 
ImIb of light, or for trfjlaining an erect imagpe from pencils 
i would give an inverted one. This effect is sliown in ^. 
^ where A B C is a rectangular prism, and It R' R" a por- 
■ pencil of light, which, after being refracted at tlic points 




mSt 3, of tbe &ce A B, and reflected at the points a, h, c, of 
^baee BC, will be again refracted at the points 1,2,3. of 
■ ftce AC, and move on in parallel lines, 3 r", 2 r', Ir; the 
B R 1, that was uppermost, being now undermost, as at 1 r. 

Cmnpound and Variable Prisms. 
17.) The great diflicujty of obtaining glass sufficienUy 
for a priam of any size, hns rendered it extremely diffi* 
tto procure good ones; and they have therefore not been 
"odoced as they would otherwise have been into optical in- 
■tniDienls. The principle upon which polyiional lenses are 
constructed 'm equally applicable to prisms. A prism con- 
HtnicLed like AD, fig. 150., if properly executed, would have 
exactly the same properties as A B C, and would be incom- 
paisbly BUperbr to it, from tlio light passing through such a 
NiaDthicknesH of glass. It would obviously be difficult to exe- 
cute such a prism as A D out of a single piece of glass, thon^ 
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it is quite practicable ; hut lliere ia no iliSicult; in co 
eiz nniill piisniB all cut out of one priBmatic rod, and t 




necesfflriiy similar. The Bwninit of the rod b 
flat narrow face pBrellel to its bnee nhich would b 
done if the prismatic rod were cut out of a plate of tf 
ullel glass. The eeporate prisms being cemented to 
Dtfaer, aa in the figure, u ill Girm a campound priai 
will be superior la Die common prism for all pm-pasea i 
it acts solely by refraction 

(188.) A compound priam of a different kind, and li 
■variable ang-le, was propoatd by Boscoiicb, as shoWB 
151., where A B C is a hemispherical convex lens, mi 
a concave lens, DEC, of thi. "nme cmrature. By 




one of the lenses round upon the other, the inclinatiot 
iacea AB,DE, orABjCE, may be made to vary fit 
above 90°. 

(189.) As this apparatus is both troubiesome to cuet 
difficult to use, I have employed an entirely di^rent j; 
&i the construction of a variable prism, and have usa 
great eiitent ia numerous experiments on the dispersj 
era of bodies. If we produce a vertical line of light bi 
cloKtig the window-.^liuttera, nnd view tlie line witi 
glass prism whose refracting angle is 60°, the edge <i 
ftacting angle being held vertical, or parallel to V ' 
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Ijgfat, the luminous line will be seen as a brightly colored 

tpeetnim, and any small portion of it will resemble cdmost ex« 

•edy the solar spectrum. If we now turn the prism in the 

jdane of one of its refracting faces, so that the inclination of 

the edge to the line of light increases gradually from 0° up to 

90^ when it is perpendicular to the line of light, the spectrum 

will gradually grow less and less colored, exactly as if it were 

farmed by a prism of a less and less refracting angle, till at an 

inclination of 90° not a trace of color is left By this simple 

process, therefore, namely, by using a line of light instead of 

B circular disc, we have produced the very same effect as if 

the refracting angle of liie prism had been varied from 90° 

down to 0°. 

(190.) Let it now be required to determine the relative dis- 
persive powers d flint glass and crown glass. Place the 
crown giasB prism so as to produce the largest spectrum from 
the line of white light, and let the refracting angle of the 
prism be 40°. Then place the flint glass prism l^tween it 
and the eye, and turn it round, as before described, till it cor- 
rects the color produced by the crown glass prism, or till the 
line of light is perfectly colorless. The inclination of the 
edge of tte flint glass prism to the line of light being known, 
we can easily find, by a simple formula the angle of a prism 
of flmt |(lass which corrects the color of a prism of crown 

flasB with a refractmg angle of 40°. See my Treatise on 
iew Philosophical Instruments, p. 291. 

Multiplying Glass. 

(191.) This lens is more amusing than useful, and is intend- 
ed to give a number of images of the same object Though 
it haa the circular form of a lens, it is nothing more than a 

Fig. 132 
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number of prisms formed by finding various flat fitces ontfai 
convex surrace of a plano-convex glass, as shown in fig, 150*, 
where A B is the section of a multiplying glass in which ooly 
three of the planes are seen. A direct image of the object 
C will be seen through the face G H, by the eye at E ; an- 
other image will be seen at D, by the re&action of the face 
H B, and a third at F, by the refraction of the &ce A G, an 
image being seen through every plane lace that is cut upon 
the lens. The image at C will be colorless, and all tbose 
formed by planes inclined to A B will be colored in propordco 
to the angles which the planes form with A R 

Naturd multiplying glasses may be fbnnd among tnuis- 
parent minerals which are crossed with veine oppositely crys- 
tallized, even though they are groond into pkAee with parallel 
faces. In some specimens of Iceland epar more than a hun- 
dred finely colored images may be seen at once. The theory 
of such multiplying gksses has already been explained in 
Chap. XXIX. 



CHAP. XL. 

ON THE CAHERA OB8CURA, BIAOIO LANTERH, AHO 

CAMERA LUCIDA. 

(192.) The camera ohscura, or dark chamber^ is the name 
of an amusing and useful optical instrument, invented by the 
celebrated Baptista Porta. In its original state it is nothing 
more than a dark room with an opening in the window-shutter, 
in which is placed a convex lens of one or more feet focal 
length. If a sheet of white paper is held perpendicularly be- 
hind the lens, and passing through its focus, there will be 
painted upon it an accurate picture of all the objects seen 
from the window, in which the trees and clouds will appear to 
move in the wind, and all living objects to display the same 
movements and gestures which they exhibit to the eye. The 
perfect resemblance of this picture to nature astonishes and 
delights every person, however oflen they may have seen it 
The image is of course inverted, but if we look over the top 
of the paper it will be seen as if it were erect. The groona 
on which the picture is received should be hollow, and part of 
a sphere whose radius is the focal distance of the convex lens. 
It is customary, therefore, to make it of the whitest plaster of 
Paris, with as smooth and accurate a surface as possible. 

In order to exhibit the picture to several spectators at once. 
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and to eiBlde any person to copy it, it ia desinible that the 
imBge should be formed upon a horizontal table. This may 
be done by means of a metallic .mirror, placed at an angle of 
45° to the retracted lays, which will reflect the picture upon 
the white ground lying horizontally; or, as in the portable 
camera obscura, it may be reflected upwards by the miiror, 
and receired on tbe lower aide of a plate of grouiid glass, with 
its roogh aide uppermost, upon which the picture may he 
copied with a fine sharp-pointed pencil. 

A very convenient portable camera obecnra for drawii^ 
landscapes or other objects is Ehown in _fig. 153., where A B 
wim its concave side uppermost, and the 
radius of its convex surface bnng 
to the radius of its concave sur- 

t"--^>.^^ fees as 5 to 8, and C D a plane 
a|^ znetallic speculum inclined at an 
-■ '"aIctJIr '"'gi^ of 45° to the horizon, bo as 
to reflect the landscape downwards 
through the lens A B. The 
draughtsnian introduces his head 
through an opening in one side, 
and nis band with the pencil 
through another opening, made in 
Budi a manner as to allow no light 
all upon the picture which :s 
i exhibited on the paper at £ F. 
I The tube containing the mirror 
and lens can be turned roond by a 
rod witltin, and the inclination of the mirror changed, so as to 
introdnce objects in any part of the horizon. ' 

Wfieo tbe camera is intended for public exhibition, it con- 
sists <£ the same parts similarly arranged ; but they are in 
tbia case placed on the top of a building, and the rotation of 
the mirror, and its motion in a vertical plane, are effected by 
turning two rods witliin the reach of the spectator, so tliat he 
can inboduce any object into the picture from all points of the 
GompsBB and at all distanccH. Tlic picture is received on a 
table, whose surface is made of stucco, and of tlie same radius 
as the l^tHiaod this surface is made to rise and fell to accom- 
modate it to the cliange of focus produced by objects at dif- 
fhtent distances: A camera obscura which tlirows the image 
down Xivoa a horizontal sur&cc may be made without any 
mirror, by using any of tlio lenticular priBuui DK F, GH I, 
M LN, when the objects are extremely near, and P RQ.^g. 
148. The convex surlacCK of these prisuis converge the ruya 
which arc rejected to their focus by the flat faces D £, G II, 
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nnpoee of aHowmg sliders to be introduced through the slit 
C D. These sliders contain 4 or 5 pictures, each painted and 
highly colored with transparent varnishes, and, by sliding 
them thzough C D, any of Uie subjects may be introduced into 
the axis of the tube and between the two lenses A, R The 
light of the lamp L, increased by the light reflected from the 
uunor ftlling npon the lens A, is concentrated by it upon the 
pictore in the slider ; and this picture, being in one of the 
CGnjugate foci of the lens B, an enlarged image of it will be 
paintra on a white cloth, or on a screen of white paper, E, 
Biandinff or suspended perpendicularly. The distance of the 
lens B nom the object or tlie slider may be increased or dimin- 
ished by pulling out or pushing in the tube B, so that a distinct 
picture of the object may be fonned of any size and at any 
distance from B, within moderate limits. If the screen £ F is 
made of fine semi-transparent silver paper, or fine muslin 
properly prepared, the image may be distinctly seen by a spec- 
tator on tne other side of the screen. 

(194b) The phantasmagoria is nothing more than a magic 
lantern, in which the images are received on a transparent 
screen, which is fixed in view of tlic spectator. The magic 
lantern, mounted upon wheels, is made to recede from or ap- 
proach to the screen ; the consequence of which is, that the 
picture on the screen expands to a gigantic size, or contracts 
into an invisible object or mere luminous spot The lens B is 
made to recede firom the slider in C D when the lantern ap- 
proaches the screen, and to approach to it when the lantern 
recedes from the screen, in order that the picture upon the 
screen may always be distinct This may be accomplished, 
according to Dr. Young, by jointed rods or levers, connected 
with the screen, whicu pull out or push in the tube B ; but 
we are of opinion that the required cfibct may be much more 
elegantly and efiicaciously produced by tlie simplest piece of 
mechanism connected witli the wheels. 

Camera Lucida. 

(195.) This instrument, invented by Dr. Wollaston in 1607, 
has come into veiy general use for drawing landscapes, de- 
lineating objects of natural history, and copymg and reducing 
drawinfirs. 

Dr. WoUaston's fonn of tlic instrument is shown in Jiff, 
155., where A B C D is a jilass prism, the angle BAD beuig 
90°, ADC 67i°, and D C B 1;^)°. The ravs proceeding fi-om 
any object, M N, alter being reflected by tlie faces D C, C B 
to the eye, £, placed above tlic angle B, the observer will sec 
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If. 156., where A B C D is a piece of thick parallel glass, 
HjH C a metallic mirror, whose face, F G, is highly polish- 
^ and inclined 45^ to B C. Rays from an object, M N, after 
wsdus through die glass A B C D, are reflected from F G, 
nd anerwards from the face B C of the glass plate to the eve 
tt £, by which the object, M N, is seen at m n, where the 
aper is placed. The pencil and the paper are readily seen 
hrough the plane glass A B C D. In order to make the two 
ices of the glass, AD, B C, perfectly parallel, M. Amici 
ffms a triangular prism of glass, and cuts it through the 
dddle ; he then joins the two prisms or halves, A D C, C A B, 
) as to form a parallel plate, and by slightly turning round 
le prisms, he can easily find the position in which the two 
ces aie perfectly paralleL 



CHAP. XLL 

ON HICROSOOPES. 

A moBoeoopE is an optical instrument for magnifying and 
camining minute objects. Jansen and Drebell are supposed 
have separately invented the single microscope, and Fon- 
na and Galileo teem to have been the fast who constructed 
« instrument in its compound form. 

Single Microscope. 

(196.) The single microscope is nothing more than a lens 
' sphere of any transparent substance, in the focus of which 
inute objects are placed. The rays which issue from each 
)int of the object are refracted by the lens into parallel rays, 
hich, entering the eye placed immediately behmd the lens, 
R)rd distinct vision of the object The magnifying power 
' all such microscopes is equal- to the distance at which we 
luld examine the object most distinctly, divided by the focal 
ngth of the lens or sphere. If this distance is 5 inches^ 
hich it does not exceed in good eyes when they examine mi- 
ite objects, then the magnifying power of each lens will be 
follows: — 
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The linear magnifying power is the number of times a 
object is magnified in length, and the superficial magnifying 
power is the number of times that it is magnified in surao& 
If the object is a small square, then a lens of one inch toem 
will magnify the side of the square 5 times, and its urea or 
surface 25 times. 

The best single microscopes are minute lenses groond ind 
polished on a concave tool ; but as the perfect execution of 
these requires considerable skill, small spheres have been cAei 
constructed as substitutes. Dr. Hooke executed these B^bam 
in the following manner: having dravm out a thin strip of 
window-glass into threads by the flame of a lamp, he heldooB 
of these threads with its extremity in or near the flame^ till it 
ran into a globule. The globule was then cut ofiT and pUesd 
above a small aperture, so that none of the ra^s which it 
transmitted passed through the part where it was joined to tbe 
thread of glass. He sometimes ground off the end of the 
thread, and polished that part of the sphere. Father di Torre 
of Naples improved these globules by placing them in small 
cavities in a piece of calcmed tripoli, and remelting them 
with the blowpipe ; the consequence of which was, that they 
assumed a perfectly spherical fixrm. Mr. Butterfield execated 
similar spheres bv taking upon the wetted point of a needle 
some finely pounded glain, ajid melting it by a spirit lamp into 
a globule. If the ps^ next the nceme was not melteo, the 
globule was ronoved firom the needle and taken up with tbe 
wetted needle on its round side, and again presented to the 
flame till it was a perfect sphere. M. Sivright, of Mcg^etland, 
has made lenses by putting pieces of glass in small round 
apertures between tlie 10th and 20th of an inch, made in pla- 
tinum leaf. They were then melted by the blowpipe, so that 
the lenses were mode and set at the same time. 

Mr. Stephen Gray made globules for microscopes by insert- 
ing drops of water m small apertures. I have made them in 
the same way with oUs and varnishes ; but the finest of all 
single microscopes may be executed by forming minute plano- 
convex lenses upon glass witii different fluids. I have also 
formed excellent microscopes by using the spherical crystal- 
line lenses of minnows and otlier small fish, and taking care 
tliat the axis of the lens is the axis of vision, or tliat t£e ob- 
server looks through the lens in tlie same manner that the fish 
did.* 

The most perfect single microscopes ever executed of solid 
substances are tliose made of the gems, such as garnet, ruby. 

See Edinburgh Journal qf SeUnu, No. III. p. 9a 



ON SINGLE 



mfplure, and diarmmd. The advantages of such lenses T first 



pnnted oat in my Treatite on Pkitosophicat Iiu 
and two lenses, raie of rub; and unothcT of garnet, 



hutrvments; 



earnet, were eze- 
Edinbn 



d Gir me bf Mr. Peter Hill, optician in Edinbnrgh. These 
lenses peribrmed admirably, in consequence of their pioducmg, 
with eur&ces of Inferior curvature, the same mB|;niljin^ 
- — u a glass lens; and the diatiiictness of the image was 



nectrum. "Mi. Pritchard, of London, has carried this bnoch 
« the art to the highest perfectim, and haa executed tenses 
1/ np[bire and diajnom of great power and perf^tion of 
mrkiittndup. 

When the diamond can he procured perfectly hixnogeneoiis 
■nd free from double refraction, it may be wrought into a lens 
<f the highest escellence ; but the sapphire, which has double 
le&action, is less fitted for this purpose. Garnet is decidedly 
die beat material for einglo lenses, as it has no double refrac- 
tioo, and may be procured, with a little attentioD, perfectly 
pore and homogeneous; I have now in my pcesession two 
ganiet microecopes, executed by Mr.Adie, which tar surpass 
ere^ solid iens I have seen. Their focal length is between 
tiie 90tfa and the 50th of an inch. Mr. Vcitch, o[ Incbbouny, 
bu likewise execnted some admiiable garnet lenses out of a 
Greenland specimen of that mineral given to me by Sir Charles 
Qiesecke. 

(197.) A single microscope, which occurred to mo some 
jeaia ago, is shown in _fie- 157., nod consists in a new method 
of uting a hemit^ericM lent so of to oifoin from it twice 



the ma^if^nf^ poieer which it poiieisri tohen usfiI in the 
atmmim vrny. It A B C is a hemiBpherical loos, rays ianainfr 
from any object, R, will bo refracled at the first surfeco A U, 
and, after total reficxion at ihc plane surfiice B C, will be 
again refracted at tho second purfcce A B, and emerge in par- 



dial diiectiona d ef, exactly in the same maimer aa iT dM 
had not been reflected at the points a, 6, c, but bad jmm 
throiigh the ottier half B A'Cof a perfect sphere ABA'C 
The diject at R will therefore be magnilied in the wune lim> 
ner, and will be seen with the Hame diatincliieBe as if it M 
been seen through a sphere of glase A B A' C. We obtain 
consequently, by this contrivance, all the adTantagea of a 
Bpherical lens, which we believe nevei' has been executed bf 
grinding- The periecopic principle, which will pmml^ 
be mentioned, may be commvinicated to this caloptric Ion, m 
it may be called, by merely grinding off the angles B C, W 
Tough grinding an annukr space on the plane surtace BC 
The c^ifiiBioD arising trom the oblique rdnctions will thn 
be prevented, and the pencils from every part <^ the liqM 
will &11 symmetrically upon the lens, and be symmetrical^ 
refracted. 

Before I had thought of this lena, Dr. Wollaston bad {vy 

posed a method of improving lenses, which is shown in Jg. 

Kj. UB. 1^- Bb introduced, between two plaiM- 

convex lenses of equal size and taaia8,a 

■ plate of metal with a circular aperture equil 

^»i-«,»,^ to Jth of the tbcol length, and when dw 

/^ H ^\ aperture was well centered, he finmd that 

f H \ the visible field was 20° in diameter, h 

I n I this compound lens the oblique pencils fax, 

V H / '^^ ^^ central once, at right angles to the 

V H y surface. If we compare Siis lens with lie 
\^M,,/ catoptric one above described, we shall see 

^S^ that the effect which is produced in the one 

case with two spherical and two plane sur&ces, all giouiid 
separately, is produced in the other cose by one spherical Bod 
one plane surface. 

(198.) The idea of Dr. Wollaston may, however, be iii> 
proved in other ways, by filling up the central apertiue wilb 
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Hent ef the same re&active power aa Ihe lenses, or, whst 
( batter, b; taking a sphere of glass and grinding away 
eqoatorid parts, so as to limit the central aperture, as 
11 in fig. liJ9. ; a coDstraction which, when executed in 
et, and used in liomogeDeous light, we conceive to be the 
; pedecC of all lenses, either for single microscopes, or for 
i^BCt lenses of compound ones. 

Tien II smgle microscope is used for opaque objects, the 
is placed witliin a concave silver speculum, which c 
rates parallel or converging rays upon tlie face of the 
neit the eye. 

Omvpowul MieroscDpes. 
99.) When a microscope consisls of two or more le 
lecula, Olio of which ibnnB im enlarged image of obji 
e llie rest magniiy that image, it is called a compo 
focope. The lenses, and the prepress of the rays through 
I in such an instrument, are ^wn mJig.Wi., where 
is the object glass, and C D the eye glass. An object. 



the J 

ob. ^H 

ise»^H 

Itrh ^^B 




, placed a little farther &om A B than its principal focus, 
have an enlarged image of itself formed ^ m ti in an in- 
id position. If tills etSarged image is in the fijcus of an- 
' Iris, C D, placed nearer the eye than in the figure, it 
be Hpiin magDiflcd, na if in n were an object The mag- 
ig cnect of the lens A B is found by dividing the distance 
e image m n from the lens A B by the distance of the 
t from the same lens ; and the magnifying efTect of the 
rlasa C D is found by the rule for single microBcopes ; and 
' two numbers being multiplied together, will be the 
lifyiag power of the compound microscope. Tlius,ifMA 
1 of an mch, A ii, 5 inches, imd C n 4 an inch, (m n being 
wed in the focus of C D,) the effect of the lens A B wiU 
I, andthatofCD 10, nnd the whole power 300. A larger 
than any of the other two, calluit the field glass, and 
D at E F, is generally placed between A B and the image 



wm -fertile purpose of enluging the field of vi . .. 
Iho effect of diminishing the magnifying powCT of QieM 
raent by forramg s. Binaller image at ii u, which b ir" 
by CD. 

The ingenuity of philosophers and of ajtiela hot bemim 
eriiauated in devising the best forms of object glares md 
eye glassefl for the compound microscope. Mr. Co^lil^ 
has recommended four lenses to be employed in the ey»B 
of compoOnd microscopes, la shown in fig. Ifil. ; ww M 
with these he uses, aa on object giasa, the sphere exOMits 




the equator, as in jig. I.W., for the purpose of reducing 
aberratiuii and dispersion. " With a sphere," says he, "| 
erly cut away at the centre, so as to reduce the uberratiot 
dispersion to inseusibb quantities, which ms^ he done 
completely and most eaaijy, as 1 have found m practice, 
whole imnge is perfectly distinct, whatever extent of : 
taken ; and the radius of curvature of it is no leas thu 
focal length, so that the one difficulty is entirely removed 
the other at least diminished to one-half Besides all 
another advantage appears in practice to attend this cow 
tbn, which I did not anticipate, and for which I cannot 
at all account I have stated that when a pencil of n 
admitted into the eye, which, having passed without den 
tiunugh a lens, is bent by the eye, the vision ia nera 
irom the colored tl-inges produced by exccntricd ''^w 
Now, with the sphere I certainly do not perceive tbiaS 
and I therefore conceive that if it were posible to malt 
Bpherical glasa on a very minute scale, it would be the 

Seriect simple microscope, except, perhaps, Br. Wolla 
[HihleL * * * Now, the spliere baa this advantage, ^t 
more peculiarly fitted for the object glass of a cranpooi 
Btrument, since it gives a perfectly distinct image rf as 
quiied extent, and that, when combined with a prope 
piece, it may without difficulty be emplpyed &r opequ 
jects."* The difficulty of making the qibeiical gun 
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te scale, which Mr. Coddmgton here mentions, and 
y no means insurmountable, is, I conceive, entirely 
y substituting a hemisphere, as shown in fig. 157.| 
.cting the aperture in the manner there mentioned. 
llaston's microscopic doublet shown in^. 162., con- 
ig2. sists of two plano-convex lenses m, n, 

with their plane sides turned towarda 
the object. Their focal lengths are as 
one to ihree^ and their distance from 1^ 
to 1^ inch, the least convex being next 
the eye. The tube is about six mches 
long, having at its lower end, C D, a cir- 
cular perforation about -,^,5^ of an inch in 
diameter ; through which light radiating 
from R is reflected by a plane mirror a^ 
below it At the upper end of the tube 
is a plano-convex lens A B, about } of an 
inch focus, with its plane side next the 
observer, the object of which is to form 
a distinct image of the circular perfora- 
tion, at e, at the distance of about ^ of 
an inch from A B. With this instrument, 
Dr. Wollaston saw the finest strise and 
serratures upon the scales of the lepisma 
and podura, and upon the scales of a 
gnat^s wing. 

(200.) Double and triple achromatic 
lenses have been recently much used for 
IB. the object glasses of microscopes, and 
two or three of them have been com- 
bined; but though they perform well 
they are very expensive, and by no means 
) other instruments that are properly constructed.* 
r of using homogeneous light, indeed, renders them 
measure unnecessary, especially as we can employ 
Mr. Herschel's double lenses shown in figs. 43. and 
I are entirely free from spherical aberration. One of 
. 44., has been executed | of an inch focus, with an 
f Jy of an inch ; and Mr. Pritchard, to whom it be- 
•rms us that it brin^ out all the test objects, and ex- 
lue ones with facihty. 

^ing the compound microscope to the examination of 
natural history, I have recommended the immersion 
ect in a fluid, for the purpose of expanding it and 

ZHMurgk JoutwU qf Science^ No. VIII. new series, p. 244. 
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I, for the puriKiae of enlarging the field of viW 
the effect oF diminishing the mngnifying power of ti 
metit by forming a Bumller image at u u, which ia nugu 
■jCD. 

The ingenuity of philosophers and of artists has been nee 
exhauBtrfin devising the best tbrnis of object glafflea and 
eye gtaaBes for the compound microscope. Mr.Codi^ 
has recommended four lenses to be employed in the epifl 
of compound microscopee, as shown in fig. Ifil. ; and ■) 
witli tliese he uses, as an object glass, the sphere cxcamlei 




Ihc equator, 113 in Jifr, 159., for the purpose of reducing 
nberralioti and ilispcn^ion. " VVitli & sphere," eays he, "p 
erly cut oway at tiie centre, so as to reduce the abeiralioii 
dispersion to insensible niiantities, which may be done J 
completely and most easily, as I have found m pmctke, 
whole image ia perfectly distinct, whatever extent of i 
taken; and the radius of curvature of it ia no lesa than 
focal length, 9] that the one difficulty ia entirely removed 
the other at least diminished to one-halE Besides all 
another advantage appears in practice to attend thia cona 
tion, which 1 did not anticiputu, and foe whicli I canoot 
at all account 1 have stated that when a pencil of n 
admitted into the eye, which, having passed withoat deq 
through a lens, is hcnt by the eye, the vision is D&/M 
from the colored fringes produced by excenUical Ji^M 
How, with the sphere I certainly do not perceive thisdl 
and 1 therefore conceive that if it were possible to main 
spherical glnsa on a very minute scale, it wonld be the 
perfect siraple microscope, except, perhaps. Dr. Wollsi 
doublet • • * Now, the sphere has thia advantage, that 
a peculiarly fitted for the object glass of a coinpoun 
Btcument aince it gives a perfectly disthict imago of an 
qnired extent, and tliat when cooihined with a propcQ 
piece, it may without difficulty be emjJoyed for opaqu 
jects."* The difflciilty of niskbg the spherical glasa 
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F minnta scale, which Mr. Coddmgtoa here meotioiu, sjid 
:h is bj no meanB insurmountable, is, I conceive, entirely 
oved l^ Bulatituting a hemisphere, as aliown in jig-. 157., 
contracting the aperture in the manner there mentioned. 
r. Wollaston's microscopic doublet shown in.fe. 162., con- 
Rf. laa. sistB of two pkno-convex lenBee m, n, 

,, ^_^ with their plane aides turned towarda 

i = l]gi'[ ^^-, the object. Their focal lengths are u 
ILILl one to ihree, and their distance from 1^ 

to \\ inch, the least convex beinf next 
tbc eye. The tube is about six mchea 
long, having' at its lower end, C D, a cir- 
cular perforation about -^,, of an inch in 
diameter; through which light radiating 
from R m reflect by a plane mirror ah 
helow it At the upper end of the tube 
ia a plano-convex lens A B, about } of aa 
inch focua, with its plane side next the 
observer, the abject of which is to finm 
a distinct image of the circular perfbrap 
tion, at e, at tSc distance of about -^ of 
an inch from A 0. With this instrument. 
Dr. WoUoatOD saw the finest striie and 
eerratures upon the acaiea of the lepitma 
and poduTO, and upon the scales <^ a 
gnat's wing. 

(300.) Double and triple achromatic 
lenses tiave been recently much used fin 
"^ the object glasses of microscopes, and 
two or tlu^e of them have been com- 
bined; but tboug-h they perform well 
they are very expensive, and by no Dieans 
nor to other instruments that are properly constructed.* 
power of using homogeneous lig-ht, indeed, renders them 
great measure unnecessary, especially as we can emplc^ 
3 of Mr. Herschel's double lenses shown in Jig»- 43. and 
which are entirely free from spherical aberration. One of 
3, fig. 44, has been executed J^ of an inch focus, with an 
ture of ^ of an inch ; and Mr. Pritchard, to whom it bo- 
a, intorms us that it brings out all the teat objects, and ex- 
B opaque ones with luciLty. 

applying the compound microscope to the examination of 
rtB or natural history, I have recommended the immersion 
le object in a fluid, for the purpose of expanding it and 
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m n, ^ ^ purpose of eriuging tte fieM of ttwffli 
the effect of diminiahin^ the magniijin^ power of the ]« 
ment by foraiing a. BinaLor image at u ji, which ia waffa 
bjCD. 

The ingennity ofphilosopherB and of arliats hBB beennB 
exhanBted in devising the beat forma of object fflasseB ati 
eye glnasea for the compound microscope. Mr.Codjnj 
hits reeoramended four lenaea to be employed in the ejt p 
of compotlnJ mtcroecopes, aa ghown in Jig. Ifil, ; and gJ 
witli Uiese he uses, as an object glass, tbo 6j*ere ezc&vtic 




iLe equator, as in fy. 159., for tJie purpose of redocing 
al)erratioii and dispersion. " With a sphere," ««ys he, "| 
eriy cut away at tlie centre, so as lo reduce the aberratio: 
diflpersion to insensible quantities, which may he done 
completely and most easily, as I have Ibtind in practice 
whole image is perfectly distinct, whatever extent of 
taken ; and the radius of curvature of it is no less thu 
focal length, so that the one difficulty is entirely removed 
the other at least duninished to one-liaI£ fiesides ftll 
another advantage appears ill practice to attend this coiu 
tion, which I did not anticipate, and for which 1 cannot 
at all account I have stated that when a pencil of n 
admitted into the eve, which, having passed without day; 
Uirough a lens, is bent by the eye, tne vision is nevdl 
ftom the colored fringes produced by excentrical diq^ 
Now, with the sphere I certainly do not perceive this q 
and I thErefure conceive that if it were possible to mal| 
sphoricaJ glass un a very minute scale, it would be the 
perfiict simple microscope, except, perhaps, Dr. WoUi 
doublet. * • * Now, the sphere has this adrantage, that 
more peculiarly fitted for the ot^ect glass of a compoiit 
strunient, since it gives a perfectly distinct image of at 
quired extent, and that, when combined with a prope 
^iece, it may without difficulty be employed for opaqt 
jecta."* The difficulty of making the qaierical gnas 
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miDuta 9cale, which Mr. CoddingtoD here mentiooB, and 
ih is b J no mcanH inaurmounbLble, k, I conceive, entirely 
reed by Hubstituting a hemisphere, as ahoivn in jig'. 157^, 
contracting the apertuco in the manner Uicre mentioned, 
r, WolUsloa's microscopic doublet eliown ir * " "" 



ng.lfO. 



r two plano-convex knacs m, n, 
with their pune sides turned towudfl 
tlic object Their focal lengths are aa 
one to iliree, and tlieir distance frooi 1^ 
to IJ inch, the least convex hein? n«(t 
the eye. The tube is about six mcbea 
long-, having- at its lower end, C D, a cir- 
cular perforation about -i\ of an inch in 
diameter; through which light radiating 
from R 13 rcflecKd by a plane mirror ai 
below iL At the upper end of the tube 
is a plano-convex lena A B, about ^ of an 
inch focus, with its plane aide next the 
observer, the object of which is to fiMin 
a distinct ima^e of the circular perfbrS' 
tion, at e, at the distance of about -f^ cf 
an inch from A D. With this instrument. 
Dr. Wollaston saw the finest stric and 
serratures upon the scales of the lepunw 
and podara, and upon the scales of a 
gnat's wing. 

(200,) Double and triple acbromatic 
lenses have been recently much used for 
~~R the object glasses of microscopes, and 
two or three of them have been com- 
bined; but though they pcrfbnn well 
they are very expensive, and by no means 
rior to other instruments that are properly constructed,* 
power of naing homogeneous light, indeea, renders them 
gnti measure unnecesESJ-y, especially as we can employ 
r of Mr. Herschel's double lenses shown in figt. 43. and 
which are entirely free from spherical aberration. One of 
I, fig. 44., his been executed | of an inch focus, with on 
:Dre of -^ of an inch i and Mr. Pritchard, to whom it be> 
<, informs us that it brings out all the test objects, and ex- 
9 opaque ones with facility. 

applying the compound microect^ to the examination of 
ts of natural history, I have recommended the immersion 
m object in a fiuid, ht the purpose of expanding it and 




ffl n, -fbf Ae purpose of entargin? fte fieW of *i 

the ^ct of diminishing the magnifying powei rf the ir*l 
raent by forming a BinSler imiige at u u, which is mBgnii 
by CD. 

The ingenuity of philosophers and of artists has been nw 
exhausted in devising the best forms of object glasses sod 
eye glaBsea for the compound microscope. Mr.Codiilgl 
h»8 recommended four lenses to be employed In the ej((il 
of compoond microscopes, as shown mfig. 161.; koilk 
witli these he uses, as an object glass, the sjdiere excanhd 




the etinator, as in _fi^. 159., for the purpose of reducing 
aberration and dispersion. " With a sphere," says he, "pi 
erly cut away at the centre, so as to reduce the aberration 
dispersion to insensible quantitiea, which may be done t 
completely and mtst easily, as 1 have ibund m practice, 
whole image is perfectly distinct, whatever extent t£ il 
taken ; and tho radius of curvature of it is no less thito 
focal length, so that the one difficulty is entirely renxived, 
the other at least diminished to one-half, besides all ' 
luiotlier advantage appears in practice to attend this const 
tion, which I did not anticipate, and far which I canDoI 
nt all nccoimt. I have stated tliat when a pencil of iv 
admitted into the eye, which, havmg passed without day;) 
throngh a lens, is bent by the eye, the vision is nerOC 
ttcna the colored fringes produced by excentiieal dii^w 
Now, with the sphere I certainly do not perceive this j|) 
and I therefore conceive tliftt if it were posible to ini]^ 
spherical glass on a very minute scale, it would be the 

Serfect simple microscope, except, perhaps, Dr. WoUu 
ouhleL * * * Now, the sphere hoa this advantage, ihat 
more peculiarly fitted for the olgect glass of a compodul 
Btrument, since it gives a perfectly distinct image of aa] 
quired extent, and that, when combmed with a pn^ier 
piece, it may without ditliculty be employed (bt tWkqiM 
jects."* The difficulty of making the sphericHi glan , 
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g-. 162. 



li?B 



ate scale, which Mr. Coddington here mentions, and 
hy no means insurmountable, is, I conceive, entirely 
by substituting a hemisphere, as shown in fig, 157., 
•acting the aperture in the manner there mentioned, 
ollaston's microscopic doublet shown in^. 162., con- 
sists of two plano-convex lenses m, n, 
with their plane sides turned towarda 
the object Their focal lengths are as 
one to three^ and their distance from ly^ 
to 1^ inch, the least convex bein^ next 
the eye. The tube is about six mches 
long, having at its lower end, C D, a cir- 
cular perforation about -j^j^ df an inch in 
diameter ; through which light radiating 
from R is reflected by a plane mirror ah 
below it At the upper end of the tube 
is a plano-convex lens A B, about } of an 
inch focus, with its plane side next the 
observer, the object of which is to fonn 
a distinct image of the circular perfora- 
tion, at 6, at the distance of about ^ of 
an inch from A R With this instrument, 
Dr. Wollaston saw the finest strise and 
serratures upon the scales of the lepisma 
and poduritf and upon the scales of a 
gnat*s wmg. 

(200.) Double and triple achromatic 
lenses have been recently much used for 
the object glasses of microscopes, and 
two or three of them have been com- 
bined; but though they perform well 
they are very expensive, and hy no means 
JO other instruments that are properly constructed.'*^ 
er of using homogeneous light, indeed, renders them 
t measure unnecessary, especially as we can employ 
Mr. Herschel's double lenses shown in figs, 43. and 
h are entirely free from spherical aberration. One of 
f. 44., has been executed ^ of an inch focus, with an 
of -}^ of an inch ; and Mr. Pritchard, to whom it be- 
brms us that it brin^ out all the test objects, and ex- 
ique ones with facihty. 

lying the compound microscope to the examination of 
* natural history, I have recommended the immersion 
iject in a fluid, for the purpose of expanding it and 
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,„ ,„ _B poTpose of enlargmg the field of vMl^^ 

the efiect of duninishing tlie ma^ifying power of the in 

ment by forming a. sinaller image at u u, which is magi 

by CD. 

The ingenaity of philosopher 



'9 and of artists has been ne 



exhausted in deviainy; the hest forma of object glassea u 
eye glnsaefi for the compound microscope, Mr. Coding 
has recommended lour lenses to he emplt^ed in the ey« [ 
of compoimd microBcopes, as ehown in fig. 161, ; anil 1 
Willi diese he uses, as an object ghss, the sphere ezcavrt 




the equator, as in Jif(. 159., for the piirposo of redncini 
nbenation and dispersion. " With a sphere," eays he, " 
er!j cut away at the centre, so as to reduce the abeiratio 
dispersion to insensible guantities, which may be done 
complelel; and most easily, as I have found in practicf 
whole image is perfectly distinct, whatever extent of 
taken ; and the radius of cuTvaturc of it is no lesa thai 
focal length, so tliat the one difficulty is entirely lemovei 
the other at least duninished to one-hal£ Besides all 
another ajlvantage appears in practice to attenil tlus con 
tion, which I did not anticipate, and for which I cmiDOl 
nt all account. I have stated that when a pencil of ri 
admitted into tho eye, which, having passed wiUiout det| 
through a lens, is bent by the eye^ the visio 
from the colored fringea produced by excent 
Now, with the sphere I certainly do not perc^ve ti 
and I theretiire conceive that if it were possible to msl 
spherical glass on a very minute scale, it would be Cbe 
perfect simple microscope, except, perhaps, Dr. WoUi 
doublet. * * * Now, the sphere haa this advantage, thai 
more peculiarly fitted For tlie object glass of a compoui 
atrument, sinoe it gives a perfectly distinct image of ai 
quired extent, and that, when combined with a prope 
piece, it may without difficulty be emplpyed ftir opaip 
jecta."* The difficulty of makmg the epbericBl ^j^ 
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minute scale, which Mr, Coddington here mentions, and 
ih ifl by DO means insurmountable, ia, I conceive, estirelj 
ived by subetituting a Jiemisphere, as shown in fig. 157,, 
contracting the aperture in the manner there mentiMied. 
f. Woilaston'a microscopic doublet sliown inj^, Iffii, con- 



lil-ita. 



sists of two plano-convex lenaee m, n, 
with their plane sides turned towards 
tho object Their focal lengths are aa 
one to three, and tiieir distance from 1^ 
to 1} inch, the least convex bein^ nest 
the eye. The tube is ubout six mchea 
long, having at its lower end, C D, a cir- 
cular perforation about -|\ of an inch in 
diameter; through which light radiatiiuc 
from R is reflected by a plane mirror no 
below it. At the upper end of the tube 
is a plano-cijnvex lens A B, about J of an 
incli ibcus, with its plane side next the 
observer, the object of which is to form 



;t unage ol 
e. at the d: 



tion, at e, at the distance of about ^, rf 
aa inch from A B. With this instrument. 
Dr. Wollaston saw the finest striE and 
eerratures upon the »;ales of the lepixma 
and podura, and upon the scales of a 
gnat's wing. 

(200.) Double and triple achromatic 
lenses have been recentl]| much used for 
"~S.tbe object glasses of microscopes, and 
two or three of them have been com- 
bined; but though they perform well 
they are very expensive, and by no means 
rior to other instruments that are properly constructed.* 
power of using homogeneous light, indeed, renders them 
great measare unnecessary, especially as we can employ 
ir of Mr. HetBcheVs double lenses shown in figt. 43. and 
which are entirely free from spherical aberration. One c^ 
i, _fig. 44., has been executed J of an inch focus, with an 
tore of T7 of an inch ; and Mr. Pritehard, to whom it be- 
i^ informs us that it brings out all the test objects, and ex- 
s opaque ones with facihty. 

q>phing the compound microscope to the examination of 
its of natural history, I have recommended the immersion 
le ol^ect in a fluid, for the purpose of expanding it and 

• Bm Mmtarfh Jnnal of Sciace, No. VUI. new icrie^ p. SH. 
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mn, for the purpose of enlarging the field of view. It In 
liie eflect of diminishing the ma^iifying power of the inbi' 
ment by forming a smfiler image at v t£, which is m agnifiai 
by C D. 

The ingenuity of philosophers and of artists has beenneulf 
exhausted in devising the best forms of object glasses and a 
eye glasses for the compound microscope. Mr. Coddinj^ 
has recommended four lenses to be employed in the eye pece 
of compound microscopes, as shown in jig, 161. ; nm akng 
with these he uses, as an object glass, the sf^ere excavated at 

Fig, 161. 
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the equator, as in fig, 159., for the purpose of reducing the 
aberration and dispersion. " With a sphere," says he, ** prop- 
erly cut away at the centre, so as to reduce the aberration and 
dispersion to insensible quantities, which may be done most 
completely and most easily, as I have found m practice, the 
whole image is perfectly distinct, whatever extent of it be 
taken ; and the radius of curvature of it is no less than the 
focal length, so that the one difficulty is entirely removed, and 
the other at least diminished to one-half. IBesides all this, 
another advantage appears in practice to attend this construc- 
tion, which I did not anticipate, and for which I cannot now 
at all account I have stated that when a pencil of rays is 
admitted into the eye, which, having passed without deviation 
through a lens, is bent by the eye, the vision is never free 
from the colored fringes produced by excentrical dispersion. 
Now, with the sphere I certainly do not perceive this defect, 
and I therefore conceive that if it were possible to make the 
spherical glass on a very minute scale, it would be the most 
perfect simple microscope, except, perhaps. Dr. WoUaston's 
doublet. * * * Now, the sphere has this advantage, that it is 
more peculiarly fitted for the object glass of a compound in- 
strument, since it gives a perfectly distinct image of any re- 
quired extent, and that, when combined with a proper eye 
piece, it may without difficulty be employed for opaque ob- 
jects."* The difficulty of making the s^erical glass on a 



* Camhridge Transactions, 1830. 
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^ te scale, which Mr. Coddlii^rtan here tnenticHiB, and 
H by no meana iusurinountable, ia, I conceive, entirely 
A l^ BubstLtuCing 0. hemisphere, oa shown in _fig. 157.) 
Jtractiog the aperture in tlie manner there mentioned. 
woUaet^'s microscopic doublet shown injig. 162., coi> 
aists of two phmO'Conve!^ lenses m, n, 
with their piano sidea turned towarda 
the object Their focal lengths are &a 
one to three, and their distance trom 1^ 
to li inch, the least convex being next 
the eye. Tlie tube Is ai»ut six inches 
long, liaving at its lower end, C D, a cir- 
cular perfbratian about -i\ of an inch in 
diameter; through which light radiating 
from R is redected bj n plane mirroroA 
below it. At the upper end of tlie tube 
is a plano-convex lens A B, about 5 of an 
incli focus, with its plane side next the 
observer, the object of which is to fonn 
a distinct image of the circular perfora- 
tion, at e, at the distance of about J, of 
an inch ftom A R With this instrument, 
Dr. Wollaston saw the finest atriie and 
serraturee upon the scales of the lepinna 
and podura, and upon the scales of a 
gnat's wing. 

(300.) Double and triple achromatic 
lenses have been recentl;^ much used Ibr 
3. the object glasses of microscopes, and 
two or three of them have been com- 
bined ; but (hough they perform well 
they are very expensive, and by no means 
gieiior to other instruments that are properly constructed.* 
Phe power of using homogeneous light, indeed, renders them 
n ■ gnat measure unnecessary, especially as we can employ 
lithet of Mr. Herachel's double lenses sliown in ^t. AH. and 
b4>, which arc entirely free from spherical aberration. One of 
lieflQ, Jig. 44., has been executed ^ of an inch fbcus, with an 
iperlnre of y'; of an inch ; and Mr, Pritchard, to whom it be- 
lli^ intbrme us that it brin^ out all (he test objects, and ex- 
mnts opaque ones with facility. 

In tppMng (he compound microscope to the examination of 
i^oOa ofiuitura] history, I have recommended the immersion 
if Ihe object in a. fluid, for tiie purpose of expanding it and 
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giving its minute parts their proper position and appearance. 
In order to render this method perfect, it is proper to immeno 
the anterior surface of the object glass in the same fluid whidl 
holds the object ; and if we use a fluid of greater dispernva 
power than the object glass, and accommodate the mterior 
sar&ce to the difierence of their dispersive powers, the object 
glass may be made perfectly achromatic. The superiority of 
such an mstrument in viewing animalculee and thb molecules 
of bodies noticed by Mr. Brown, does not require to be pointed 
out 

On Reflecting Microscopes. 

(201.) The simplest of all reflecting microscopes is a con- 
cave mirror, in wmch the face of the observer is always mag- 
nified when its focus is more remote than the observer. When 
the mirror is very concave, a small object m n, fi^. 14, will 
have a magnified picture of it formed at M N; anawhen this 
picture is viewed by the eye, we have a single reflecting mi- 
croscope, which magnifies as many times as the distance A n 
of the object from the mirror is contained in the distance A M 
of the image. 

But if, instead of viewing M N with the naked eye, we 
magnify it with a lens, we convert the simple reflecting mi- 
croscope into a compound reflecting microscope, composed of 
a mirror and a lens. This microscope was first proposed lij 
Sir Isaac Newton ; and afler being long in disuse has been re- 
vived in an improved form by Professor Amici of Modena. He 
made use of a concave ellipsoidal reflector, whose focal dis- 
tance was 2,-*^ mches. The image is formed in the other focus 
of the ellipse, and this miage is magnified by a single or double 
eye piece, eight inches from the reflector. As it is imprac- 
ticable to illuminate the object m n when situated as in fig* 
14, professor Amici placed it without the tube or below the 
line BN, and introduced it into the speculum A B by reflexion 
from a small plane speculum placed between m n and A B, 
and having its diameter about half that of A B. 

Dr. Goring, to whom microscopes of all kinds owe so many 
improvements, has greatly improved this instrument He uses 
a small plane speculum less than ^ of the diameter of the 
concave speculum, and employs the following specula of very 
short focal distances : — 

Vool diitance la laehn. Apeitai* la 

1-5 0-6 

1-0 0-3 

0-6 0-3 

0-3 0-3 
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That iBgenious artist Mr. CuLhbert, who executed these im - 
BvremeDte, haa more recently, under Dr. Gorin^'H direction, 
kUied trul]' elliptical Epecula, whose aperture is equal to 
flwil Bxal length. This he has done with specula having 
h^ an in«A focua and half an inch aperture, and three tenth* 
ttaa inch focus and tkree tenths of an inch aperture. ]>r. 
Qoriiw aaenree us that this microscope exhibited a set rf kn- 
gitndtitU lines on the scalea of the podura in addition to the 
two sets of diagonal ones previoualv discovered, and two sets 
(f diagonal lines on the scales of the cabbage butterfly in ad- 
dition to the longitudinal ones with the cross stripe, hitherto 
otmrved.* 

On Tett Objeett. 
(202.) Dr. Goring has the merit of having introduced the 
Dse of test objects, or objects whoee texture ot markings re- 
quired a certain excellence in the micioecope to be well seea 
A few of these are shown in^. 163. as given by Mr. Priteh- 
ud. A is the wing of the mmelaui, B and C the hair of the 




bat, and D and B the hair of the mouse. The most difficult 
of all the test ol^ects are those in the scales of the ^mluro and 
the cabbage botlerfly mentioned abore. 

RiJei for microtaipie ObtemUiaTU. 

C203.) 1. The eye should be protected from all extraneous 

light, and ahould not receive any of the light which proceeds 

fiSm the illuminating centre, excepting wiiat is transmitted 

Ihrough or reflected from the objecL 

2. Delicate observations should not be made when the fluid 
which lubricates the cornea is in a viscid stale. 

3. Tbc best pceition for microscopical observations is when 

•BM£*ithirjr*Ji«rjiaii[f&ieMe,No. [V. Dcwwrio, p.3ai. 
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the observer is lying horizontally on his back. This i 
fiom the perfect stability of his head, and from the eqi 
of the lubricating film of fluid which covers the cornea, 
worst of all positions is that in which we look downward} 
tioilly. 

4. If we stand straight up and look horizontally, pa 
marking or luies will be seen most perfectly when the 
rection is vertical ; viz. the direction in which the lubric 
fluid descends over the cornea. 

5. Every part of the object should be excluded, excep 
which is under immediate observation. 

6. The light which illuminates the object should hj 
very small diameter. In the day-time it should be a s 
hole in the window-shutter of a darkened room, and at 
an aperture placed before an Argand lamp. 

7. In all cases, particularly when high powers are 
the natural diameter of the illuminating light should 1 
minished, and its intensity increased, by optical contrivai 

8. In every case of microscopical observations, homogei 
yellow light, procured from a monochromatic lamp, shou 
employed. Homogeneous red light may be obtained by cc 



Solar Microscope. 

(204.) The solar microscope is nothing more than a i 
lantern, the light of the sun being used instead of that 
lamp. The tube A B, Jig. 154., is inserted in a hole i 
window-shutter, and the sun's light reflected into it by a 
plane piece of looking-glass, which the observer can 
round to keep the light in the tube as the sun moves th; 
the heavens. 

Living objects, or objects of natural history, are put u 
^lass slider, or stuck on the point of a needle, and intro 
mto the opening C D, so as to be illuminated by the sun'j 
concentrated by the lens A. An enlarged and brilliant i 
<£ the object will then be formed on the screen E F. 

Those who wish to see the various external forms of r 
scopes of all kinds, and the different modes of putting 
up, are referred to the article Microscope, in the EdhU 
JSncycloptBdia, vol. xiv. p. 215--233. In the latest wo 
the microscope, viz. Dr. Goring and Mr. Pritchard's " '^ 
flcopical Illustrations," London, 1830, the reader will 
much valuable and interesting information. 

* See the article Microscope, Edinburgh Encyclop(Bdia, vol. xiv. p. 
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CHAP. XIJI. 
OH REIKAOTINO AND REFLECTINO TELESCOPES. 

Astronomical Telescope. 

(205.) That the telescope was invented in the thirteenth 

century, and perfectly known to Roger Bacon, and that it was 
\ ttnd in England by Leonard and Thomas Digges before the 
' time of Jansen or Galileo, can scarcely admit of a doubt The 
rlrinciple of the refracting telescope, and the method of com- 

giting its magnifying power, have been already explained. 

We shall therefore proceed to describe the different forms 

which it successively assumed. 
The astronomical telescope is represented in fig. 164. It 

consisb of two convex lenses A B, C D, the former of which 




is called the object glass, from being next the object M N, and 
^he latter the eye glass, from its bem? next the eye E. The 
object glass is a lens with a long focsl distance ; and tJie eye 
^laas is one of a short focal distance. An inverted image m n 
^ any distant object M N is formed in the focus of the object 
f^lasB A B ; and this image is magnified by the eye glass C D, 
m whose anterior focus it is placed. By tracing the rays 
through the two lenses, it will be seen that they enter the eye 
£ paialleL If the object M N is near the observer, the image 
m It will be found at a greater distance from A B ; and the 
eye glass C D must be drawn out from A B to obtain distinct 
▼ukm of the image m n. Hence it is usual to fix the object 
A B at the end of a tube longer than its focal distance, 



•nd to place the eye glass C D in a small tube, called the eye 
tube, which will slide out of, and into, the larger tube, for the 
purpose of adjusting it to objects at different distances. The 
maffniiying power of this telescope is equal to the focal length 
of the c^ject glass divided by the focal length of the eye gmaa. 
Telescopes of this constmcticm were made by Campani 
Divini and Huygens, of the enormous len^ of 120 and 196 
feet ; and it was with instruments 12 and 24 feet long that 
Huygens discovered the ring and the fourth satellite of Saturn. 

Z 
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In order to use object glasses of such great focal lengths widi- 
out the encumbrance of tubes, Huygens placed Sie oligeet 
glass in a short tube at the top of a very long pole, so that 
the tube could be turned in every possible dSecticm upon a 
bdl and socket by means of a strings and brought into the 
same line with another short tube containing the eye glasB» 
which he held in his hand. 

As these telescopes were liable to all the imperfectJoDS 
arising from the aberration of re&an^bility and that of sphe^ 
ical %ure, they could not show otgects distinctly when the 
aperture of the object glass was great ; and on this accooat 
their magnifying power was limited. Huygens found that the 
following were the proper proportions : — 

lfa|auyii« powo. 

ao 

334 
4?! 
62 r 
140 
197 
216 

In the astronomical telescope, the object, M N, is always seen 
inverted. 

Terrestrial Telescope* 

(206.) In order to accommodate this telescope to land ob- 
jects which require to be seen erect, the instrument is con- 
structed as in Ji^, 165., which is the same as the preceding 
one, with the addition of two lenses E F, G H, which have the 
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Ift 


0*545 inches. 


0-605 , 


3 


0-94 


1-04 


5 


1-21 


1-33 


10 


1-71 


1-88 


50 


3-84 


4-20 


100 


5-40 


5-95 


120 


5-90 


6*52 



Fig. 165. 
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same focal length as C D, and are placed at distances equal to 
double their common focal length. If the focal lengths are not 
equal, the distance of any two of them must be equal to the 
sum of their focal lengths. In this telescope the progress of 
the rays is exactly the same as in the astronomical one, as fitf 
as L, where the two pencils of parallel rays C L, D L cross m 
the anterior focus L of the second eye glass E F. These rays 
falling on E F form in its principal focus an erect image, m! n'. 



I 
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which is seen erect by the third eye glass G H, as the rays 
' di?ergiiig from m' and n' in the focus of G H enter the eye 
in pimUlel pencils at E'. The magnifying power of this tele- 
I scope is the same as that of the former when the eye glasses 
aieeqoaL 

Galilean Telescope. 

(207.) This telescope, which is the one used by Galileo, 
di&rs in nothing from the astronomical telescope, excepting 
in a concave eye glass C D, Jig. 166. being substituted for the 
eonvez one. The concave lens C D is placed between the 




7» 



image m n and the object glass, so that the image is in the 
principal focus of the concave lens. The pencils of rays 
A B n, A B m fall upon C D, converging to its principal focus, 
and will there&re be refracted into puallel lines, which will 
enter the eye at E, and give distinct vision of the object The 
magnifying power of this telescope is found by the same rule 
as Siat for the astronomical telescope : it gives a smaller and 
less agreeable field of view than the astronomical telescope, 
but it nas the advantage of showing the object erect, and of 
giving more distinct vision of it 

Gregorian Reflecting Telescope, 

(206.) Father Zucchius seems to have been the first person 
who magnified objects by means of a lens and a concave spec- 
ulum ; Irat there is no evidence that he constructed a reflecting 
telescope with a small speculum. 

James Gregory was the first who described the construction 
of this instrument, but he does not seem to have executed 
one ; and the honor of doing this with his own hands was re- 
served finr Sir Isaac Newton. 

The Ghregorian telescope is shown in Jig. 167., where A B 
is a concave metallic speculum with a hole in its centre. For 
very remote objects the curve of the speculum should be a 
parabola. For nearer ones it should be an ellipse in whose 
&rther focus is the object, and in whose nearer focus is the 
image ; and in both these cases the speculum would be free 
from spherical aberration. But, as tlicse curves cannot be 





large speculum is placed n enmll concave one, C D, t 
cnn be moved nearer to and farther from the large epecaju 
by maana of the screw W at the side of the tube. This sfi 
ulum slioulii have its cnrvatura elliptica], though it is ge 
mlly maild spherical. An eye-piece consisting of two coDV 
lensei^ E, F, pkcedat aiiistance equal to half the sum 
fbcat lengths, i$ screwed into the tube immediately hri 

fBHt speculum AB, and permanently fixed in that pnsitk 
rays M A, N B, issuing nearly parallel &oa the ertremio 
M and N of a distant object, full upon the Bpeculom A B, tb 
will form an inverted image of it at m n, as mor 
djown in fig. 14. 

If tills ima^e m n is further from the small speculun 
than its prmcipal focus, an inverted image of it, m' n', 
erect image of the real object, since m nis itself an ini ._. 
one, will be fonned Eomewhero between E and F, Ihe n 
pnsaing through tlie opening in the speculum. This i[ 
m' n' "ligjit hare beeji viewld and magnified by a coovei 
glass at F, but tt is preferable to receive the converging n 
upon a lens E called the field glass, which bastena Uieir Ci_^ 
ver?ence, and forms the image of m n in the focus of the l( 
P, by which they ore magnified ; or, what is the same thij 
the pencils divorgiiig from the image m' n' are refracted by 
BO OB to enter tlie eye parallel, and give diBlinct vision of t 
image. If the object M N is brought nearer the Bpecuhl 
A B, the image of it, m n, will recede from A B and ai "" 
to C D ; and, consequently, the other imago m! n' in U 

jugate focus of C D will recede from its place m' n', an 

to be seen distinctly. In order to restore it to its place vi i 
we have only to turn the screw W, so oa to remove C 
fcrther from A B, and consequently fkrther from m n, vhi 
will cause the image m! n' to appear perfectly distinct a ' 
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. The magnifying power of this telescope may be fomid 
he following rule : — 

lultiply the focal distance of the great speculum by the 
incc of the small mirror from the image next the eye, as 
led in the anterior focus of the convex eye glass, and mul- 
1 also the focal distance of the small speculum by the focal 
mce of the eye glass. The quotient arising from dividing 
former product by the latter will be the magnifymg power. 
'his rule supposes the eye-piece to consist of a single lens, 
'he following table, showing the focal lengths, apertures, 
ers, and prices of some of Short's telescopes, will exhibit 
great superiority of reflecting telescopes to refracting 
j: — 

■1 iMKtlH ia CNt. 
1 

2 
3 
4 
7 
12 



▲pertan ia taebM. 




MMlBftl 


3-0 


a5 


to 100 


14 


4-5 


90 


300 


35 


6-3 


100 


400 


75 


7-6 


120 


500 


100 


12-2 


200 


800 


300 


180 


300 


1200 


800 



Cassegrainian Tdemsepe, 

209.) The Cassegrainian telescope, proposed by M. Cash 
rain, a Frenchman, differs from the Gregorian only in hav- 
its small speculum C J), Jig' 168., convex instead of con- 
B. The speculum is tiierefore placed before the image m n 



Fig.lGd, 




he object M N, and an image of M N will be formed at 
i' between E and F as in the Gregorian instrument The 
antage of this form is, that the telescope is shorter than 
Gregorian by more than twice the focal length of the 
ill speculum ; and it is generally admitted tliat it gives 
•e light, and a distincter image, in consequence of the coo- 
speculum correcting the aberration of the concave one. 

Z2 





Neatimian Teletype. 

(210.) The Newtouinn teleECojie, which nwy be „ 

u itn intprovement upoD Che Gre^rion one, is repreaentd 

Jig. 160., where A B is a concave speculuni, and m n tbe ! 

veiled image which it forniB of the object from which the la 



I 



M, N proceed. Ah it ia impossilils to introduce the eye li 
the tube to view tiiia image without obstructing the IJ^ 
wliich comes fiom the object, a small plane speculum C O, Q 
clined 45° lo Ihp axis of the large Bpuoulom, and of an on 
form, its axes being to one another aa 7 to 5, is placed betwea 
tho speculum anil Uie image mn, in order toreScct ittoaEic 
at m' n', so that wc can magnify it with an eye glass B| wbk 
CHuses tlie rays to enter the eye pamlle!. The small mim 
IS lixed upon n slender arm, connected with a slide, in whid 
the mirror may be made to approach to or recede tf 
largo specotum A B, according aa the image mn a; 
to or recedes from it. This ai^uslment might aisi bi ^^ 
by moving the eye lena E to or fkim the sinall Bpeciilum. Tl 
magnifying power of tiits telescope ia equal to the focal len 
of the great speculum divided by that of the eye ploaa. 

As (tbout half of the light is lost in metallic reBexiona, 
Isaac Newton proposed to substitute, in place of the neta 
speculum, a rectangular prism ABC, fig. 148., in which t 
light suflera total reflexion. For this purpose, however, t 
ghiH8 requires to be perfectly colorless and free from w' 
and hence such a prism has rarely been used. Sir h 
also proposed to make the two fecea of the prism convex, i 
DBF, fig. 148., and by placmg it between the i: 
and the ol^ect, he not only erected the image, but w 
to vary the magnifying power of the telescope. The orig^ 
telescope, constructed by Sir Isaac's own liancis, is presem 
in the library of the Royal Society. 

The tbllowing table shows tiic dimensions oi NewtouB 
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IdcBoopeB^ which we have computed by takinga fine teleaoopo 
pMde l^ Hawksbee as a Btandard : — 



mimg^altit^ 


' ApurtanafifHiana. 


FonllMiUior 


ibfMUrim 


IfL 


2-S 3 inches. 


0129 inchea 


93 


2 


3-79 


0-152 


158 


3 


514 


0-168 


214 


4 


6-36 


0181 


265 


6 


8-64 


0-200 


360 


12 


14*50 


0-238 


604 


24 


24-41 


0-283 


1017 



(21L) On account of the great loss of light in metallic re- 
TOioin, which, according to the accurate experiments of Bir. 
K. Potter, amounts to 45 rays in every 100, at an incidence of 
45^,* and the imperfections of reflexion, which even with per- 
fect sorfiuses make the rays stray ^ve or six times more man 
tbe sune imperfections in refracting sur&ces, I have proposed 
tocoDstmct the Nevirtonian telescope, as shown in Jig, 170., 
where A B is the concave speculum, m » the image of the 



Fig. 170, 




object M N, and C D an achromatic prism, which refracts the 
imaee m n into an oblique position, so that it can be viewed 
by £e eye at £ through a magnifying lens. Nothing more is 
required by the prism than to turn the rays as much aside as 
wQl enaUe the observer to see the image without obstructing 
(he rays from the object M N. As the prisms of crown and 
Hint glass which compose the achromatic pnsm may be ce- 
mentM by a substance of intermediate refractive power, no 
more li|^ will be lost than what is reflected at the two sur- 

In i&ce of setting the small speculum, C D, of the New- 
toniaa telescope, j^g. 169., at 45°, to the incident rays, I have 
ft€fpo&Bd to place it much more obliquely, so as to reflect the 
nmupe m n, jflg. 170., out of the way of the observer, and no 
SolSer. Tliis would of course require a plane speculum, C D, 

* Ediuhurgk Journal qf Science, No. VI., new Kriet, p. 2U3. 



of much greatet lengtlij liut the greater obliquitf 
flexion would more than compensate tor this iaca 
It might be advisable, indued, tu use a, small speculi 
glasa, of a high refractive power, which at great 
reflects as much light as lilelals, and which is capaUe 
bemg brought to a much finer surfece. The fine anriaees 
some crystals, such as ruby silver, oxide of tin, or diamT 
might b« useii. 

A Newtonian reflector, wilhnut an eye glass, may bam 
by using a reflecting glass priem, with one or both of its : 
wees concave, when ihe priacn is placed lietween the m 
m n and the great speculum, so as to reflect the rays pan 
to the eye. The magnifying power will be equal to tna f 
length of the great speculum, divided by the radius of 
concave surface of the prism if botli the surfaces are coiKi 
and of equal concavity, oc by twice the radius, if tmly 
Buriace is concave. 

Sir WiUiam HerscheVs Telescope. 

(212.) The fine Gregorian telescopes executed by S 
were so superior to any other reflectors, that the NewW 
form of the inHtniment fell into disuse. It was revived, bi 
ever, ly'Sir W. Heischet, whose labors form the most brilE 
epoch m optical science. With an ardor never before edii 
ed, he constructed no fewer than 200 seven feet Newton 
reflectors, 150 ten feel, and 80 twenty feet in focal li 
But his seal did not stop here. Under the muniflcent pi 
age of George IIL, he began, in 17>te, to construct a teleso 
forty feet long, and on the 27th of August, 1789, ihe day 
which it was completed, Le discovered with it the sixth m 
lite of Saturn. 

The great speculum had a diameter tf 49i inches, but 
concave surface was only 48 inches. Its thicknea 
3i inches, and its weight when cast was 2118 lbs 

length was fortv feet, and the length of the shee 

which contained it was 39 feet 6 inches, and its breBdth4 ! 
10 inches. By usmg small convex lenses. Dr. Heracbel ' 
enabled to apply a pwer of 6450 to the fixed stara, bat a. 1 
much lower power was in general used. 

In Uiis telescupe the observer sat at the mouth of the h 
and observed by what ia called llie front vie\D, with his b 
to the object, without using a plane siieculum, the qre I 
being applied directly to rongnity the image formed Iff 
great speculum. In order to prevent the head, &c. frcni 
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too mnch of the incident light, the image was ftnned 

of the asds of the qpecolum. Sad must, therefore, have 

a dightly distorted. 

j As the firame of this instrument was exposed to the weather, 

" had greatly decayed. It was^ therefore, taken down, and 

telescope, of 20 feet focus, with a speculum 18 inches 

diameter, was erected in its place, in 1822, by J. F. W. 

BiBchel, Esq^ with which many important observations have 

leeamBd& 

Mr, Bamage^s TdeKope. 

\ (SIS.) Mr. Ramage, of Aberdeen, has constructed various 
Newtanian telescopes, of great lengtiis and high powers. The 
1 kiipest instrument at present in use in this country, and we 
' kheve in Eimipe, was constructed by him, and erected at the 
Bojal Observatory of Greenwich in 1820. The great specu- 
hm has a focal length of 25 feet, and a diameter St 15 inches. 
The imafe is formed out of the axis of the speculum, which 

fm iDcUnM so as to throw it just to the side- of the tube, where 
the observer can view it without obstructinff the incident rays. 
. llie tube is a 12-sided prism of deal, and when the instrument 
: iinot in use it is lowered into a box, and covered with canvas. 
! The apparatus for moving and directing the telescope is ex- 
: tremeiy sunple, and dispkys much ingenuity. 



CHAP. XLUL 

ON ACBROlCiLTIO TELEBOOFBS. 

(214) Tns principle of the achromatic telescope has been 
briefly explained in Uhan. VIL, and we have there shown how 
a ooavez leufl^ combined with a concave lens of a longer focus^ 
and having a hi^er refractive and dispersive power, may pro- 
dace refri^tioo without cdor, and consequently form an unage 
ftee fiom the primary prismatic cdors. It has been demonstrated 
nwdieniatically, and the reader may convince himself of its 
troth by actmily tracing the rays through the lenses^ that a 
convex and a concave lens will form an achromatic combinap 
tion, or will give a odorless ima^, when their focal lengths 
are in the same proportion as their dispersive powers. That 
ia^ if the dispersive powers of crown and flint glass are as 0*60 
to 1, or 6 to 10; then an achromatic object glass could be 
fomoied by combining a convex crown glass lens of 6^ or 60, or 
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fiOO incbea with r concave flint glan km of 10^ or lOO^i 
IDOO inches in focal length. 

But though such a ctmibination would form ui image 
from color, it would not be free from spherical aberraliaa, vl 
can OTiij be removed by giving a proper proportion to lbs 
vaturea of the £TBt and lost sur&ce, or the two outer ~^ 
of the compound lens. Mr. Herechel has Ibund that 
object glasB will be nearly free from aberratioD, pronoea 
radius of the exterior surface of the crown lens be 6-73i 
of the flint 14-20, the focal length of the combinattoo ' 
lOKIO, and the radii of the interior anr&ces hebg i 
from these data by the fbrmulie given in elementary 
optics, so as to make the &cal lengths of the two g 
FSf.lTh the direct tatioof their dispersive powers, ^iil 
. r.. combination is shown in fo.lTl., whereABil" 
the convex lens of crown glas^ placed on the nt-li; 
ode towards the object, tm C D the coacavo-ce* jj 
I vex lens of flint glam placed towards the ajh « 
The two inside sumces that come in coatM Ml ' 
00 nearly of the same curvature that thejr 
ground on the same tool, and united togethn lyi 
cement to prevent the loss of light at 3m two ■» 

In the double achroantic object glanea on- 
stnicted previous to the publication of Mi. Ho- 
schel's investigations, the sur&ce <^ the conctve 

lens next the eye was, we beUeve, always cm- 

B 3J cave. 

Triple achromatic object glasEes consist of three lenses A B. 
Fir.l-Xt. CD, EF,^^. 172., A Band E F being convei 
JL C S '^"^'^ °^ crown glaaa, and C D a double concave 
lens of flint glttfis. 

The abject of using three lenses was to ob- 
tain a better correctirai of the spherical abem- 
tion ; but Ihe greater complex!^ of their «»■ 
Btruction, the greater risk of imperfect centering, 
IT of the axes of the three lenses not being la 
he same straight line, together with the loss of 
light at six surfaces, have been considered la 
more than compensating their advantages ; and 
f they have accordingly ^eo into disuse. 

The following were the radii of two tripln 
-n T. -c achromatic object glasses, ag coostiucted bv 
^ ^ ^ Dollond :— 
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A B, or first Qrown Lens. 

FIRST OBJECT GLASS. SECOND OBJECT GLASS. 

■dii of first sur&ce, - - - 28 inches 28 

second surface, --40 35*5 

C D, or Flint Lens. 

idii of first surface, - . - 20-9 2M 

second surfiice, --28 25*75 

£ F, or second Crown Lens. 

sdii of first sur&ce, - . . 28*4 -.- 28 

second surface, - - 28*4 ........28 

)cal length of the compound 

kns, 46 inches 46*3 

In consequence of the great difficulty of obtaining flint 
asB firee firom veins and imperfections, the largest achromatic 
(ject glasses constructed in England did not greatly exceed 
or 5 inches in diameter. The neglect into which this im- 
nrtant branch of our national manufkctures was allowed to 
11 by the ignorance and supineness of the British government, 
imiuated foreigners to rival us in the manufacture of achro- 
atic telescopes. M. Guinand of Brenetz, in Switzerland, 
id M. Fraunhofer, of Munich, successively devoted their 
inds to the subject of making large lenses of flint glass, and 
)th of them succeeded. Before his death, M. fraunhofer 
cecuted two telescopes with achromatic object glasses of 9^ 
ches, and 12 inches in diameter ; and he informed me that 
3 would undertake to execute one 18 inches in diameter, 
he first of these object glasses was for the magnificent achro- 
atic telescope ordered by the emperor of Russia, for the ob- 
irvatory at Dorpat The object glass was a double one, and 
3 focal length was 25 feet ; it was mounted on a metallic 
and which weighed 5000 Russian pounds. The telescope 
>uld be moved by the slightest force m any direction, all the 
ovable parts being balanced by counter weights. It had four 
re glasses, the lowest of which magnified 175, and the high- 
it 700 times. Its price was 1300/., but it was liberally given 
prime cost, or 950Z. The object glass, 12 inches in diameter, 
as made for the king of Bavaria, at the price of 2720/. ; but 
1 it was not perfectly complete at the time of Fraunhofer's 
Ath, we do not know that it is at present in use. In the 
mds of that able observer. Professor Struve, the telescope (rf* 
orpat has already made many important discoveries in as- 
onomy. 
A French optician, we believe, M. Lerebours, has more 
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recently executed two achromatic object glasses of glass n 
by Ouinand. One of them is nearfy 12 inches in diaoM 
and another above 13 inches. The mrst of these object gla 
was mounted as a telescope at the Royal Observatory of Pa 
imd the French government had expended 5002. in the 
chase of a stand for it, but had not the liberality to purcl 
the object glass, itself. Sir James South, our liberal and ac 
countryman, saw the value of the two object glasses, and 
quired them for his observatory at Kensington. 



ON ACHROlCiLTIO EYEPIECE& 

(215.) Achromatic eyepieces when one lens only is waj 
may be composed of two or three lenses exactly on the i 
principles as object glasses. Such eyepieces, however, 
never used, because the color can be corrected in a sup 
manner, by a proper arrangement of single lenses d the i 
kind of glass. This arrangement is shown iafig. 173., w 
A B and C D are two plano-convex lenses, A B being the 

Fig. 173. 



1=*^ 



next the object glass, and C D the one next the eye, a ra 
white light R A, proceeding from the achromatic object g 
will be refracted by A B at A, so that the red ray A r en 
the axis at r, and the violet ray A v at v. But these rays b 
intercepted by the second lens C D at tlie points m, n, ai 
ferent distances from the axis, will suffer difierent degre< 
refraction. The red ray mr suffering a greater refrai 
than the violet one n v, notwithstandmg its inferior re: 
gibilij^, so that the two rays will emerge parallel from 
lens Cf D (and therefore be colorless) as shown at mr\m 
When ^ese two lenses are made of crown glass, they i 
be placed at a distance equal to half the sum of their 
lengths, or, what is more accurate, their distance mu£ 
equal to half the sum of the focal distance, of the eye { 
C D, and the distance at which the field glass A B would 
an image of the object glass of the telescope. This eyef 
is called the negative eyepiece. The stop or diaphragm i 
be placed half-way between the two lenses. The focal le: 
of an equivalent lens, or one that has the same magnif 
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*? A9wer as the eyepiece, is equal to twice the prodact of the 
'• abcal lengths of the two lenses divided by the sum of the same 
^nambeia 

An eyepiece nearly achromatic, called RamsdetCs Eyepiece^ 
and much used in transit instruments and telescopes with mi- 
cnmetezB, is shown in fig. 174., where A B, C D, are two 



^ J^. 174. 




plano-convex lenses with their 
convex sides inwarda They 
have the same focal length, and 
are placed at a distance from 
each other, equal to two-thirds 
of the fecal length of either. 
The local length of an equiva- 
lentlens is equal to three-fourths 
the focal length of either lens. 
The use of mis eyepiece is to 
give a flat field, or a distinct view of a system of wires placed 
at M N. This eyepiece is not quite achromatic, and it might 
be rendered more so by increasing the distance of the lenses; 
but as this would require the wires at M N to be brought 
nearer A B, any particles of dust or imperfections in the lens 
A B would be seen magnified by the lens C D. 

The erecting achromatic eyepiece now in universal use in 
all achromatic telescopes for land objects is ^wn in fig, 175. 
It consists of four lenses, A, C, D, B, placed as in the figure. 

Fig. 175. 




Mr. CoddingtoQ has shown, that if the focal lengths, reckoomg 
fiom A, are as the numbers 3, 4, 4 and 3, and the distances 
between them on the same scale 4, 6, and 5*2, the radii, 
reckoning firom the outer surface of A, should be thus : — 



. \ First surface 
/ Second surface 

P K First sur&ce 
/ Second surface 

jx \ First surface 
) Second surface 

» % First sur&ce 
) Second surface 



27 } 

^ > nearly plano-convex. 



a meniscus. 



9/1 \ I^uUe convex. 
2A 
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The magnifyiiig power of this eyepiece, as unmlly vak^] 
diffeiB little fix>m what would be produced by using the ~ 
or fourth lens alone. I have shown, that the magnif 
power of this eyepiece may be increased or diminiaheJ 1i^^ 
varying the distance between C and D, which even in ooouDQi 
eyepieces of this kind may be done, as A and C are jdaced il 
one tube A C, and D and B in another tube D B, so that flft 
latter can be drawn out of the general tube. In Jig, 17Sl,I 
have shown the eyepiece constructed in this way, imd captUs 
of having its two ports separated by a screw nut £, and ncL 
This contrivance for obtaining a variable magnifying power, 
and consequently of separating optically a pair of wires fixed 
before the eye glass, I communicated to Mr. Carey in 1805^ 
and had one of the instruments constructed by "Nb. Adie in 
1806. It is fully described in my Treatise on Philonphied 
Instruments, and has been more recently brought out as a new 
invention by Dr. Kitchener, under the name or tiie Pancratic 
Eye Tube. 

Prism Telescope, 

(216.) In 1812, I showed that colorless refr&ctioii may be 
produced by combining two prisms of the same substance, and 
the experiments which led to this result were published in my 
Treatise on New Philosophical Instruments in 1813. The 
practical purposes to which this singular principle seemed to 
be applicable were the construction of an achromatic telescope 
with lenses of the same glass, and the construction of a 
Teinoscope, for extending or altering the lineal proportions of 
objects. 

If we take a prism, and hold its refracting edge downwards 
and horizontal, so as to see through it one of the panes of glass 
in a window, there will be found a position, namely, that in 
which the rays enter the prism and emerge from it at equal 
angles, as in j^^. 20., where the square pane of glass is of its 
natural size. If we turn the refracting edge towards the 
window, the pane will be extended or magnified in its length 
or vertical direction, while its breadth remains the same. If 
we now take the same prism and hold its refracting edge ver- 
tically, we shall find, by the same process, that the pane of 
glass is extended or magnified in breadth. If two such prisms, 
therefore, are combuied in tliese positions, so as to magnify the 
same both in length and breadth, we have a telescope com- 
posed of two prisms, but unfortunately the objects are all 
highly fringed with the prismatic colons. We may correct 
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colors in three ways : 1st, We may make the prisms of 
^ Idnd of glass which obstructs all the rays but those of one 
homogeneous color ; or, we may use a piece of the same glass 
^ tbnrb the other rays when two common glass prisms are 
ttted: 2d, We may use achromatic prisms in place of common 
Mods : or, 3d, What is best of all for common purposes, we 
Oty place other two prisms exactly similar, but in reverse 
Nontions, or they may be placed as shown in Jig, 176., which 
'Represents the prism telescope ; A B and A C being two prisms 

Fig. 176. 




-£ the same kind of glass, and of the same refracting angles, 
with their planes of refraction vertical, and E D, E F, other 
two perfectiy similar prisms, similarly placed, but witli their 
[danes of refraction horizontal. A ray of light, M «, from an 
object, M, enters the first prism, E F, at a, emerges from the 
second prism, E D, at 6, enters the third prism, A C, at c, 
emerges from the fourth prism, A B, at d, and enters the eye 
at O. The object, M, is extended or magnified horizontally 
by each of the two prisms, E F, E D, and vertically by each 
of the two prisms, A B, A C ; objects are magnified by look- 
ingthrough the prisms. 

^This instrument was made in Scotland by the writer of this 
Treatise, under the name of a TeinoscopCj and also by Dr. 
JNair, before it was proposed or executed by Professor Amici 
of Modena. Dr. Blair's model is now before me, being com- 
posed of four prisms of plate glass wiUi refracting angles of 
about 15^. It was presented to me two years ago by his son ; 
but as no account of it was ever published, Mr. Blair could not 
determine Uie date of its construction. 

In constructing this instrument, the perfect equality of the 
four prisms is not necessary. It will be suHicicnt if A B and 
D E are e<iual, and A C and E P\ as tlie color of the one 
prism can be made to correct that of tlie other by a chan<?e in 
its position. For the same rt^ason it is not necessary Uiat tliey 
be all made of tlic same kind of glairs. 
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Achromatic Opera Glasses vfith Single Lenses. 

(217.) M. d'Alembert has long ago diown that an achmmtiB ' 
telescope may he constructed with a single object fltm ani i^ 
single eye glass of different refractive imd dispersive powoB 
To effect this, the eye glass must be concave, and be made rf 
glass of a much higher dispersive power than that of wfakk 
the object glass is made ; but the proposal was quite Uto(ia 
at the time it was suggested, as substances with a aaSuaat 
difference of dispersive power were not then knowiL £m 
now, the principle can be applied only to opera ^lassea 

If we use an object glass of very low dispersive power, Hn 
refaction of the violet rays may be corrected by a coocafB 
eye lens of a high dispersive power, as will be seen by tbe 
following table. 



OWeetgtaH Vr«KlMi 

made oT oude of fowow 

Crown glass Flint glass 1} 

Water Oil of cassia 2 

Rock crystal Flint glass 3 

Rock crystal Oil of aniseseed 3 

Crown glass Oil of cassia 3 

Rock crystal Oil of cassia 6 

Although all the ra]^ are made to enter the eye panllel in 
these combinations, yet the correction of color is not satis- 
&ctory. 

Mr, Barlow's Achromatic Telescope. 

(218.) In the year 1813 I discovered the remarkable dis- 
persive power of sulphuret of carbon, having found that it 
** exceeds all fluid bodies in refractive power, surpassing even 
flint glass, topaz, and tourmaline ; and that in dispersive power 
it exceeds every fluid substance except oil of cassia, holding 
an intermediate place between pho^horus and balsam of tcdu. 
^ ^t ^t Although oil of cassia surpasses the sulphuret of car- 
bon in its power of dispersion, yet, from the yellow color with 
which it is tinged, it is greatly inferior to the latter as an op- 
tical fluid, unless in cases where a very thin concave lens is 
required. The extreme volatility of the sulphuret is undoubt- 
edly a disadvantage ; but as this volatility may be restrained, 
we have no hesitation in considering the stdphuret of carbon 
as a fluid of great value in optical researches, and which 
may he of inccdculable service in the construction of optical 
instruments.'*** This anticipation has been realized by Mr. 

* On the Optical Properties of Sulphuret of Carbon, in JEnimburgk Trans. 
vol. viii. p. 28.5. Feb. 7. 1814. 
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Bvlow, who iuus employed sulphuret of carbon as a substitute 
Sit flint glasE^ in correcting the dispersion of the convex lens. 
tt had been proposed, and the experiment even tried, to place 
Qie concave lens between the convex one and its focus, for the 
purpose of correcting the dispersion of the convex lens, with 
a laaa of less diameter, but Mr. Barlow has the merit of hav- 
bvfiiBt carried this into effect 

The telescope which he has made on this principle, consists 
of a siiijgrle object lens of plate ^lass, 7*8 inches in clear aper- 
bne, with a focal length of 78 mchea At the distance or 40 
inches from this lens was placed a concave lens of sulphuret 
of carbcHi, with a focal length of 50*8 inches, so that parallel 
rays &llinff (m the convex plate lens, and converging to its 
fi)cus, woiud, when refiracted by the fluid concave lens, have 
their focus at the distance of 104 inches from the fluid lens, 
and 144 inches, or 12 feet, from the plate glass lens. Tlie 
Quid is contained between two meniscus cheeks, and a glass 
ting, so that the radius of the concave fluid lens is 144 inches 
towards the eye, and 56*4 towards the object lens. The fluid 
is put in at a high temperature, and the contraction which it 
experiences in cooling is said to keep every thing perfectlv 
^ht No decomposition of the fluid has yet been observed. 
The great secondary spectrum which I found to exist in sul- 
|)hiiret of carbon is approximately corrected by the distance of 
the fluid lens from the object glass ; but we are persuaded that 
it is not free from secondary color. Mr. Coddington remarks, 
tiiat the general course of an oblique pencil is bent outward 
by the fluid lens, and the violet rays more than the red, so as 
Id produce indistinctness; but we are not aware that this 
defect was observed in the instrument The tube of the tele- 
scope is 11 feet, and the eyepieces one foot *< The telescope," 
■ays Mr. Barlow, ** bears a power of 700 on the closest double 
Btais ia South's and Herschers catalogue, although the field 
is not then so bright as I could desire. Venus is beautifully 
wMte and well defined with a power of 120, but shows some 
color with 360. Saturn, with the 120 power, is a very bril- 
liant object, the double ring and belts being well and satisfac- 
torily defined, and with the 360 power it is still very fine." 
Mr. Barlow remarks, also, that the telescope is not so com- 
jetent to the opening of the close stars, as it is powerful in 
ifinging to light the more minute luminous points. 

Achromatic Solar Telescopes toith single Lenses. 

(219.) An achromatic telescope for viewing the sun or any 
limly luminous object may be constructed by using a single 

2A2 
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object glaas of plate glass; and li? making aiqr one of tbe 6|i 
gUtflses oat of a piece of glass wmch traoflmitB ooly homegt^ 
neous light: or the same Siiog may be efiected by a piece cf 
plane ghss of the same color; but this introduces tlw enon 
of other two surfaces. In such a constmctioii it would h 
preferable to absorb all the rays hot the red; and there an 
various substances by which this may be readily eflbcted. Thl 
object glass of this telescqie, thou^ thus renoared minnorfcfr 
matic, will still be liaUe to spherical abemtioD. Bat if tkl 
ndii (^ the lens are properly adjusted, the ezcesB of solar IMt 
will permit us to diminish the qieitnre^ ao is to rendu tti 
8pheri<»l aberration almost imperceptible. Soch a tdesoope^ 
when made <^ a great length, woold, we are peisoaded, be 
equal to any instrument that has vet been directed to the sua 
If we could obtain a solid or a fluid which would absoib ill 
the other rays of the spectrum but the yeUoto, with as little 
loss as there is in red glasses, a telescope of the nreceding 
construction would answer for day objects, and for all the po^ 
poses of astronomy. If the art ^ giving lenses a hyperbolic 
form shall be brought to perfection, which we have no doabt 
will yet be done, the spherical aberration would disappear; 
and a telescope upon this principle would be the most perfect 
of all instruments. 

Even by using red light only, a great improvement might 
be effected in the common telescopes for day objects and for 
astronomical purposea If the red rays, for example, form j\th 
of white light, we have only to increase the area of the aper- 
ture 10 times to make up completely for this defect of light 
The spherical aberration is, no doubt, greatly increased a&o: 
but if we consider that, when compared to the aberration of 
color, it is only as 1 to 1200, we can afibrd to increase it in 
order to gain so great an advantage. Common telescopes, 
indeed, may be considerably improved by applying colored 
glasses, which absorb only the extreme rays of the spectrum, 
even though they do not produce an achromatic or homoge- 
neous image. 

These observations are made for the benefit of those who 
cannot afibrd expensive instruments, but who may yet wish to 
devote themselves to astronomical observations, with the ordi- 
nary instruments which they may happen to possess. 

On the Improvement of imperfectly achromatic Telescopes, 

(220.) There are many achromatic telescopes of conside^ 
able size, in which the flint lens either over corrects or under 
corrects the colors of the crown glass lens. This defect may 
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asily removed by altering slightly the curvature of one or 
r of the lenses. But all achromatic telescopes whatever, 
n made of crown and flint glass, exhibit the secondary 
nsy viz. the foine<6lored and the green fnngea. These 
rs are not very strong ; and in many, if not m all cases^ 
may destroy them by absorption through classes that will 
w^dken ffreatly the intensity of the li^t The glasses 
lisite for uis purpose must be found by actual ezpenment ; 
lie secondary tints, though generally of the colors we have 
Ltkmed, are variously comp^ed, according to the nature of 
glas of which the two lenses are made. 
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APPENDIX OP THE AUTHOR, 

CONTAINING 

'ABLES OF REFRACTIVE AND DISPERSIVE POWERS, Ac. 

OF DIFFERENT MEDIA. 



TABLE!. 
(Referred to from Page 30.) 
TbOU if tJ^ Refractkm Powen of SolU aiul FUad 



9 IMaor 

stkar artificial 

ilobedrite 

amoDd 

itriteoflead 

ende 

Kmhorm «.... 

dpDur melted 

ICQD .. .. • • 

Ia»— lead 2 partR, flint } 
Ipart $ 

imet 

nby 

i aa i l ead 3 parts, flint } 
Ipart i 

ipphire 

pinelie 

mnamon stone 

olpharetof cflrbon 

ild* cassia 

BlaamofTolu 

oaiacum 

ilaf aniseaeed 

QUIZ 

ocksalt 

igarmelted 

ioada balsam ••• 



8^9 
8-500 
8-499 
8*388 
8^260 
8-884 
8148 
1-961 

1-830 

1-815 
1-779 

8-028 

1-794 
1-764 
1-769 
1-768 
1-641 
1-628 
1-619 
1-601 
1-548 
1-657 
1-654 
1-649 



Amber 1*547 

Plate glass, fiom 1-614 to... 1*548 

Crown giaas,fiom 1-525 to.. 1*534 

Oil of cloves 1-585 

Balsam capiri 1*588 

Gam arable 1*50B 

OU of beech nut 1<SOO 

Castor oil 1*490 

Cajeputoil 1*483 

Oil of turpentine 1*475 

Oil of olives 1-470 

Alum 1-457 

Fluor Spar 1-434 

Sulphuric acid 1*434 

Nitric acid 1-410 

Muriatic acid 1*410 

Alcohol 1-372 

Cryolite 1-349 

Water 1-336 

l(jg 1-309 

Fluids' in ndnenOs 1-894 to . 1-131 

Tabasheer 1-111 

Ether expanded to thrice } ^.^im 

itsvoliSe < ^^^ 

Air 1-000894 



Table of Ike Refractive Powers of Qaeet. 



ladez or Baftaelioo. 



ipor of sulphuret 

caiixm 

osgenegas 

anogen 

lorine 

}fiant gas , 

IphuTousacid 

Iphuretted hydrogen 

troos oxide 

dnx^ranic acid .... 
uiaticacid 



."I 



1-001530 

1*001159 
1-000834 
1*000772 
1-000678 
1-000665 
1-000644 
1-000503 
1-000451 
1-000449 



iBdn oricftactiiM. 

Carbonic acid 1-000449 

Carburetted hydrogen .. 1-000443 

Ammonia 1'000385 

Carbonic oxide 1*000340 

Nitrous gas 1-000303 

Azote 1-000300 

AtmosT^eiic air 1-000294 

Oxygen 1-000272 

Hydrogen 1-000138 

Vacuum l-OOOOOO 
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TABLE n. 

(Referred to fl-om Page 31.) 

TaUe of the Absduie Refractive Powers of Bodies. 



Tabasheer 

Cryolite 

Fluor spar 

Oxygon 

Sulphate of banrta . 
Sulphurous acid gas 

Nitrous gas 

Air 

Carbonic acid 

Azote 

Chlorine 

Nitrous oxide 

Phosgene 

Selenite 

Carbonic oxide .... 

Quartz 

Glass 

Muriatic acid 

Sulphuric acid .... 
Calcareous spar .... 

Alum 

Borax 



Index of Ketaotion. 

0O976 

0-2742 

0-3426 

0-3799 

0-3829 

0-4455 

0-4491 

0-4528 

0-4537 

0-4734 

0-4813 

0-5078 

0-5188 

0-5386 

0-5387 

0-5415 

0-5436 

0-5514 

0-6124 

0-6424 

0-6570 

0-6716 



E iBdezsri 

Nitre 

Rainwater 

Flint glass 

Cyanogen 

Sulphuretted hydrogen . . . 
Vapor of sulphuret of ) 

carbon I 

Ammonia 

Alcohol rectified 

Camphor 

Olive oil 

Amber 

Octohedrite 

Sulphuret of carbon 

Diamond 

Realgar 

Ambergris 

Oil of cassia* 

Sulphur 

Phosphorus 

^Hydrogen 



09»| 
1011 

i-au 

i«n 

l^GM] 
1-36 

i-4sm\ 

1-49G6 

1-«GG6^ 

1-7000 

1-7634 

S'SOOO 

3-0953 



No. I. 

(Referred to from Page 72.) 

In order to convey to the reader some idea of the variety of dispersive 
powers which exist m solid and fluid bodies, I have given the following 
table, selected from a much larger one, founded on observations which 
I made in 1811 and 1812.t 

The first column contains the diflerence of the indices of refracliMi 
for the extreme red and violet rays, or the part of the whole reihictioD 
to which the dispersion is equal ; and the second column contains the 
dispersive power. 

Thbie of the Dispersive Powers of Bodies. 

•*"^'' fcr ektwnM Bay* 

Oilof cassia 0-139 0O89 

Sulphur after fusion 0-130 0-149 

Phosphorus 0-128 0-156 

Sulpnurct of carbon 0-115 0O77 

BaisamofTolu 0103 0O65 

Balsam of Peru 0O93 0O38 



* See Edinburgh Jourrtal of Science, No. XX. p. 308. 

t See my Trealisg on JSTew P/Ulonopkical Instruments, p. 315. 
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rri^ of Refrartioa 
power. ^ extTeme Ktcja. 

saloos 0-086 0H)58 

ter almonds 0O79 0K)48 

iseseed 0077 0O44 

•f lead melted 0069 0O40 

rStyrax 0067 0O39 

ti 0O66 0O41 

min 0O65 0033 

ttcco 0O64 0O35 

noniac 0063 0037 

rbadoes tar ^ 0O62 0032 

ves 0O62 0O33 

safhis 0O60 0O32 

0O57 0O32 

act fennel seeds 0O55 OOSB 

jarmint 0O54 0086 

0O53 0O29 

uc 0O52 0O28 

nento 0O52 0.020 

s 0O52 0026 

?elica 0O51 0O25 

rme 0O50 0O24 

•awayseeds 0O49 OJOZi 

a 0O48 0029 

i 0O48 0O28 

liper 0O47 0022 

d 0.045 0O19 

alsam 0O45 0O21 

il 0O44 0021 

Hiiam 0Oi4 0022 

»py 0-044 0O22 

•calestref 0O44 0O45 

acid 0O43 0O16 

al 0O43 0024 

0O43 0O22 

pentine 0O42 0O20 

0O42 0O22 

apivi 0O41 0O21 

0O41 0023 

IS spar — greatest 0O40 0027 

)e-seed 0O40 0019 

0O38 0O56 

ves 0O38 0018 

tic 0038 0O22 

• 0O37 0O16 

0O37 0O22 

0O37 0O12 

0O37 0O20 

0O36 0O17 

0O36 0O18 

388, green 0O36 0080 

)ic 0O36 0O18 

0-035 0O12 

d 0O35 0O19 

Borax 0034 0018 
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Garnet 0034 OOIB _^ 

ChryaoUte <H»3 (Htt 1^ 

CrownglasB 0<I33 (HHS I' 

OUofwine 0032 OOtt V 

GlagB of phosphorus 0O31 Om 

Flateglass 0O38 001? 

Sulphuric acid 0031 OOtt 

Tartaricacid 0O30 0011 

Nitre, least re£ 0O30 OCtt 

Borax 0O30 0014 

Alcohol 0039 OOU 

Sulphate of baiyta 0OS9 OOU 

Rock^tal 0026 0014 

Boraxghfls(lbor.2 8ilez) 0O26 0014 

Bluesapphire 0O26 0021 

Bluish topaz 0025 O016 

Chiysoberyl 0O25 O019 

Bhie topaz «... 0O24 O016 

Sulphate of Btrontia 0024 O015 

Prussicacid 0027 O006 

Fluorspar ; 0022 OOIO 

CiyoUte 0OS8 OO07 



Na n. 

(Referred to from Page 73.) 

The following table contaiiis the results of several experiments which 
I made in the manner described in pp. 7% 73. The bodies at the topof 
the table have the least action upon ^een light, and those at the boOoa 
of it the greatest The relative position of some of Uie substances '» 
empirical ; but, bv referring to the original experiments in nqr TWofW 
on New Philosophical Instruments, p. 354., it will be seen whether or 
not the relative action of any two bodies upon green light has bees 
detennined. 

Tableiff Tran^rent Bodies, in the order in wkidiiheyexerciie At 
least action upon Qreen LighL 

Oil of cassia. 

Sulphur. 

Sulphuret of carbon. 

Bi^sam of Tolu. 

Oil of bitter almonds. 

Oil of aniseseed. 

Oil of cumin. 

Oil of sassafias. 

Oil of sweet fennel seeds. 

Oil of cloves. 

Canada balsam. 

Oil of turpentine. 

Oil of poppy. 



Oil of spearmint 
Oil of caraway seeds. 
Oil of nutmeg. 
Oil of peppermint 
Oil of castor. 
Gumconal. 
DianKHid. 
Nitrate of potash. 
Nut oil. 

Balsam of capivi 
Oil of rhodium. 
Flint glass. 
Zircon. 
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NOTES 

BY 

THE AMERICAN EDITOR. 



NaL 

(Referred to from article 38.) 

If the remark of Mr. Herschel be admitted, the consequence may be 
^wn in relation to all the simple gases, except oxygen, that their ab* 
■ohite refiactive powers will be expressed by the square of the index 
<if refiractiQa, dimuuriied by uni^: for in them, the specific gravity is 
directly proportional to the weight of the atom. The same reraiarfc 
^vlies to me vapois of simple bwiies, and to many compound gases. 

if the specific gravi^, and weight of the atom, of hydrogen be called 
^i^, die specific gravi^ of nitrc^en, chlorine, &c will be expressed 
Of me weight of the atom of each : hence the square of the index of 
J^&action diminished bv unity, will be, by the process directed in article 
3^ mnltij^ed and divided by the same quanti^. 
, The inflammaUe substance hydrogen, instead of presenting a high 
^^insic refractive power, would occupy a low place oa the scfue, whue 
^Qrine would rank high upon it This consequence was observed by 
Av. Henchel himself 

NalL 

(Referred to from article 66, page 67.) 

lids remark in relation to the absorptive power of water, though true 
^ moderate thicknesses, in relation to the colored rays of the spec- 
fttun, ajmears, by a recent discovery of Signer Melloni, not to be true 
^ regaia to Uie heating rays. An account of the interesting experi- 
^oaatB which have establisned this fact, will be more in place, in 
^^Qonexion with the article which treats of the heating power of the 
apectnim. 

No.in. 

(Referred to from article 66, page 70.) 

This interesting analysis of the solar spectrum, by Sir David Brewster, 
will, probably, have its value to the reader increased by a brief state- 
ment of the experiments from which the results, given in pages 69 and 
% were deduced. The matter of this note is taken from a paper, by 
1^ David Brewster, in the Edinbiurgh Journal of Science for October, 
1831.* 

1. The first position is that, " red^ yeUoWt and Hue light exist at every 
point of the solar spectrum." The eye gives evidence of the existence 
vi red light, in the red, orange, and violet spaces, which, together, con- 
stitiite more than half the length of the spectrum. If the blue and 

* And Edinbur/rh Trans. Vol. XII. Part. I. 
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indigo spaces be transmitted through olive oU, the light becomes of a 
violet tint, rendering evident the red, previously existing in the bine 
and indigo, by abeoniing rays which had neutralized it m the yeDow 
and green spaces ihe existence of red is proved by ebo^ing that nvlulo 
light may be detected in them. 

Yellow light is recognized by the eye in rather more than one^ffii 
of the length of the spectrum, namely in the cnrangi^, yellow, and green 
spaces. It may be proved to be present in the blue and indigo spacei 
by many experiments, among which is the one already described, in 
which a violet tint is developed, by passing the spaces through olive 
oil : the tint absorbed by the pil cannot be red, becieiuse violet, reddidi 
blue, is made to appear by the transmission; it cannot be blue, for blue 
taken from blue will not leave violet ; it is, then, yellow, which mixed 
with the red and blue had formed white light, at this port of the spec* 
trum. Farther, the speqtrum examined through a deep olne glass, shorn 
green in the blue space, and through a transparent wafer of gelatine, 
f produces a whitish band in the same spacg,. Yellow is shown to exist 
m the red space by examining it through a prism of port wine, the re- 
firacting angle of which is 90°, and the whole of the red space assumes 
a vellowish tint by the absorption of the blue rays, by certain diicknesses 
or pitch, balsam of Peru, &c. In the violet space, owing to the extreme 
&cility with which that color is absorbed, and the extreme &intnes8 of 
the rays, yellow light has not yet been detected. 

Blue light is perceptible to the eye through more diaii two-thirds of 
the length of the spectrum, that is m the green, blue, indigo, and vkdet 
spaces. The absorptive powers of pitch, balseon of Peru &c, Aow 
fpeen light extending cmisiderably within the red space ; and tfie Une 
IS farther proved to be spread throughout that space by the yellow tii^ 
which it assumes, when viewed through the media already alluded to; 
a tint which could only result from the absorption of blue rays. 

2. White light exists, at every point of the spectrum, and may be in* 
sulated by absorbing the excess of the colored rays at any point 

By a particular thickness of smaltpblue glass, the yellow space, the 
brightest of the spectrum, becomes greenish white, ana, with a diflferoit 
blue, reddish white. A mixture of^red ink and sulphate (^ copper re* 
duces the yellow space to nearly a white, the tint being slightly red 
when the ink is in excess, and green when there is too much of the 
solution of sulphate of copper. By particular methods, not described, 
Sir David Brewster states Uiat he has succeeded in insulating white 
light in both the orange and green spaces. 

The curious property possessed by this white light of not being de- 
composable by refraction, is a powerfiil support of the new theory of 
the spectrum. 

By a principle of absorption applied to the heating rays of the solar 
spectrum, ana which will be described in a subsequent note, the exist- 
ence of a spectrum of heating rays, exceeding in length the three ookn^ 
spectra, is proved, bringing a new analogy to bear upon this question. 

No. IV. 

(Referred to from article 71, page ^) 

Comparative experiments on the heat in difierent parts of the solar 
spectrum, require the most delicate instruments. The new branch of 
science, thermo*magnetism, furnished Signer Melloni with a much more 
sensible means of measuring temperature, than the comnMm thermom- 

i i 
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dipi«»igfliB»i,bBiiigeipre"ed bylhB numbed writi _ 

ftiaiwmiil iifliiiil ill iliii iiiiililli iiPil |iiii I II ll iilifin imiil 

wiA that in Ilw middle oftbeEi'ii«B|iaco A, iaai21o9jwiihthciDiddle 
gfdiarafqacer.uaiaaa. The puntt marked 25. 12, &c, bcyontl Ihe 
eolond apace r, oorraapand to the beadt, in iho ipeRimm. having, re- 
^aair d r, flie aams tempemnuee aa the middle erf' iho yellow, uf the 
imiai. iJllm blue, &c. By paving Ihe ■pecirum Ihmugh a Ihickncaa 
■^laaatiiama twdfihof an inch of walct, canlainad between jAOim 
i£ ddn ^Ma with paiallel Hir&cea and fiee fiinn deteda, Ibe beating 
|«iaiiia of the agreial taya becaoie sa lepreaeiUed in Ihe lower curvr ; 
BOM oC the heat acaanponyins the fioiet raya having been alaorbed, 
• Uda tt Ibat accampanyinir me blue, and ao on incroanng aa the re- 
Atmflhil% dimiitiriwd, nnlQ in the bond, 2, 0, having the aame lem- 
[Malm 1 1 <■ Ibe nolel, oil tho healing raya were aiiurbed. Different 
niedia al^ind the heating ran in diflerenl degrees, tkwc of hii;her 
laOaUiYe powen pemiiuing Ihem lo pen more readily than those of 

Aidant ihia auhieet canniM be conndered m fiilly developed, we 
Ma able lo underatand by it, why Seebeck found Ihe point of greateal 
^Mt lo taiy, according to the mAierial of the pnim uied (o fi>nn the 
q»c4iiuiL being in the red when a prism of crown {[loia vat uacd, ami 
in lbs jmIow when water waa the rcbacling mnienal. Mcllnni Ibimd 
iha gnaUM heal in tho orange aficr pawing (he specirum fonnnl hy 
Iha enwn glan pr^am through water, aa appenra by ihc diagiam, in 
whidi Iba grealeat heat in Iho red nml yellow aro 20. aiul in :hp onuigc 
JiSl. Seebackfeund Iho point of grejitf*t heat in tho yellow, -'- — ■■— 
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Melkifii to die absoqition by the crown glass prim first, and dien la L^ 




before referred to, we ahould expect that m flint glass the peatest heat I 
would lie &rthe8t fix>m the violet end of the spectnim; m plate and 
crown glass, that it should be at a less distance fimn that end ; insol- 
phuric acid and oil c^ turp«iitine still less; in alcohol and water yet 
nearer to ^ violet end : and these deductioiis we find, by consulting 
the table on page 83, to be correct Minute diflerences^ vHiich could not 
be detected by die instruments used by Seebeck and others, in the points 
of greatest heat as given by that table, will probably hereafter appear. 
The experiments discussed in this note authorize the addition of a 
fourth spectrum to the three colored spectra represented in fg-^U 
namely, a heating spectrum containing rays whicn are less refiangible 
than tne extreme red rays of the spectrum. 



NaV. 

(Referred to frora page 116.) 

The undulatory h3mothe8i8 represents in so simple a mann^ the phe- 
nomena to which Dr. Young applied his principle of iuteiierenee, that 
I have been induced to refer to it here, vinth a view to a cenml «qila> 
nation of the h}rpothe8is. The reader will be better satiaBed if he take 
up the subject, as briefly referred to in the 84th ardde of the text, be> 
fore entenns upon the account to be givoi in this note. Am stated ia 
that article, the hypothesis of undulations supposes all space, the plaiie(> 
ary spaces as well as the interstices between the particles of oodies^ 
to be occupied by an elastic medium, or ether, which is put in a slate 
of vibratory motion by luminous bodies, and in which impulses are 
propgated accoiding to the same mechanical laws, as fJcte impdses 
which, communicate to air, produce sound. 

If we suppose a luminous point surrounded by this elastic medium, 
the particles immediately about the point have a vibratory motion ub- 
pressed upon them, or a motion to and fro ; this thejr communicate to 
the adjacent particles, and thus a wave is formed, which spreads about 
the point as a centre, just as the waves formed by a stone, thrown into 
still water, spread around the point at which the stone struck the sur- 
face. As these waves would communicate to a floating body which they 
might meet, an impulse in a direction radiating from the point where 
they originated, so luminous vraves striking the retina, give the aema- 
tion of bght in a similar direction. 

In the annexed diagram, let A B, Na 1, represent one of the directions 
in which the impulse given by a luminous body, is propagated ; we shall 
find, according to the nypothesis, aloi^ that line particles of Ihe elastic 
medium, or ether, having all rates of motion, from rest, or when the mo- 
tion is nothing, to the greatest rapidity of the vibration ; and in the tutt) 
opposite directions, from A towards B, and from B towards A. For exaro|^ 
let the particles at A, D, and C, be at rest, then if fiom A to D we rod 
particles moving towards B, their velocities, or rates of motion, will be 
found increasing between A and a', mid-way fix>m A to D, and thai de* 
creasii^ between a' and D ; between D and C the vibration will be in the 
contrary direction, namely, from B towards A; and the vdocitieB after 



I 
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A B and B A ; th0 lame would be true of C B, if made equal to A C : 
Ihk dirtanoe A C, or C B, ii called the length of a wave, and it ia this which 
fa red light is 256 ten miUkmths, and in violet light 174 ton millionths, 
tt an inch (aee page 119, text) To represent to the eve the velocities 
af Ihe difibient particles of e^er between A and D, Uie curve A a D 
ii dcaoiibed, in which the ordinates, or lines in the some direction as 
^€, rapraont these velocities, as, for example, of a the veloci^ at a' ; 
tta particles between D and C vibrating in a contrary direction, the 
airre D6C, lepresentimF their velocities, is traced on the side of the 
Ifaa A B (MMDoeite to A a D. In the same way the velocities between C 
■id E, ana between E and B, are shown fay similar curves, on opposite 
iUea of A R Let Na 2. rejwesent a system of waves in which the 
leqgtha M P and P O are equal to A D and D C, and let the motion 
between M and P cdncide in dinction with that between A and D, the 
oinrea of velocities M m P and A a D coinciding, and the motion be- 
tween P and O with that between D and C, the curves P ;> C and D 6 C 
coinciding; then it is plain that the motion of the particles between O Q, 
CE, and QN, EB, die. will be the same, or that the undulations will 
eoineide dmnigfaont; one imdolation will, thereibre, add to the effect 
of the other, auod the light will be the united light produced by the 
two undulations. The same will be true whether the point M coincides 
with A, with C, or with B, Ac. ; that is, whether the lengths of the paths 
of tfie two ra^ A B and M N are exactly equal, or differ by one, two, or 
more imdulan o ns. If the rays, instead of moving in the same direction, 
moot onder a small ansle, tne remarks will stm apply ; and the first 
naalt, slated on page 115, text, is in accordance with the hypothesis, 
imder cansideration, namely, that bright spots, illuminated by the sum 
of the two lights, will be formed when the differences in the lengths 
of the paths of the rays, are (f, (A C,) 2 (f, (A B,) 3 <f, &c. 

Next let the curves described in No. 3 represent the velocities in 
■nDdier system of undulations, S V and V U bemg equal to A D and BC 
in No. 1, the particles of the ether between S and V, as shown by the 
ramre, being in a state of vibration from T towards S, those between V 
•ndUfiom S towards T, and so on. If the raySTin No.3 were brought 
to coincide with A B in No. 1, the point S being placed at A, the 
partides between S and V in No. 3 moving in opposite directions firom 



320 A TREATISE ON OPTICS. 

thoae between A and D, and tbose between V and 17 in oppo6ite< 
tioos fiom tfaoee between D and C, and their vekxatiea being i 
equal, their motions would destroy each other, and the wave •% 
destroyed, or darkness would result. Thepath S T difieis fh>m A B 1 
the distance S V, or half an undulatimL The same would be the : 
if No. 3 began one undulation to the left hand of S» or two <x man 
dulations, that is if the path S T, Na 3, difiered from A B» Na 1, fajr < 
and a half, two and a half, &c undulations. As the same conBequenoal 
would follow, if the rays S T and A B met under a small angle, we iofir 
(page 115, text) that when the difference in the lengths of dieptdn^ 
of the two pencils of rays, ia ^d (A D). Ud (A £), 2^ d, &&, " instead «f 
adding to one anothei^s intensity, they aestioy ench other and prodoM 
a daiit spot" 

NaVL 

(Referred to firom page 190.) , 

Professor Hare has observed, in relati(ni to the translucency of gold 
leaf; — ^"Gold leaf transmits a greenish light, but it is questionable, 
if it be truly translucent. Placed on glass, and viewed by transmitted 
light, it appears like a retina. It is erroneously spoken of as a omtinuoiiB 
superficies." The nature of the process l^ which gold is reduced Is 
leaves, strengthens this conclusion. 

On examimng gold leaf by Uie solar microscope, I find in it innum^'- 
able rents, and also various gradations of thickness ; the rents haiwe 
their edges colored, a blue fhnge appearing on one side, and a redd^ 
brown on the opposite side ; the thicKest parts transmit no light, and 
tfirough the ver^ thin parts a delicate green light is transmittM. The 
surface thus exhibited- is very beautiful. The rents are visible to the 
naked eye, when the leaf is very strongly illuminated. 



No.va 

(Referred to from page 237.) 

The following classification of colored bodies is alluded to in die text, 
as given by Sir David Brewster, in the life of Newton. The colore of 
each of the classes require, in his view, to be explained upon different 
principles. 

1. "Transparent colored fluids, tronsparent colored gems, tronsporent 
colored glasses, colored powders, and the colors of the leaves and fbwen 
of plants." 

Tlie colors of these bodies ore derived from the absorption of partico* 
lar colored rays: thus, water at great depdis appears red by transmitted 
light, owii^ to the absorption of the blue ancl yellow rays which with 
the red constituted white light ; certain thicknesses of smalt-blue glan 
appear intensely blue by transmitted light, while at greater thicknenes 
the glass appears red. in the case of opaque and colored bodies, as in 
the leaves of plants, we are to suppose certain rays to be absorbed by 
the indefinitely thin film through which the rays reflected from any 
surface may be supposed to pass, the complementary tint being reflected; 
as all the incident light is not reflected, the transmitted tint will be com- 
plementary to the colors absorbed, and thus the body will appear of the 
«ame color by both reflected and transmitted light Coloi^ powders 
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IB or Ihii nnalyiiti we oro now able to oipQaia the 
n ohierved bv Uioae who aro insensibJo lo pimiciiJaT a 
oum. 3c ^o. XIX. old aETJes. No. IX, new Beries.] liliB 
of BQcli peremiB are blind [o red lighl ; nnd when wo Bfaslran d 
red rayH fmni a BKCtrum oonatituted iu alrcodyt drw^ibed, there iri 
iafl two ralois, live and veltoib, the only c?olora which are lecoai^ 
IbuM who haie Uils Aeteev at vision. To such eva, lighl B ir 
seeu in Uie rod apace j biit this arises fnim Ihe eye being leaSi 
blue rayx, wbirh are maeA wiUi the red light. 
Ins hght will be seen in Ihe plaee of the tnaUl, and a ncc 
appeal in Ihe Bmngt nnd rrd spaces, or, wlucli is Uibi 



uneipeuted 
refetred m, JuUjr auElnin thia condi 



Hencs 

thing, the Bpecln 
The physiologie] 
aocordajicB; and wmie im 
feraier, the Sinner yielda ti 

There 

deaeribtj . , , -. , 

In Ihe aeisHid of the casea deaeribed in the Journal of Si 

XIX, nilhouah the individual never failed lo detect a full blti« a 
filll fellow, he seema to have had very imperlect ideas at dxMS C(' 
when presBnted in a atate of nuitare ! green. a« anch, he did — "- 
and when bine WDA diluted ^Ih yellow, Icjiming what to a 
would appear yellowish green, the blue tint escaped him, an 
ture appeared yellow. In like manner, his diacriminatioa ■ 
when toiled with blue, was very detective; he called gi 

Sdlow, and yet ydloicali green a|^Jired to be " yellow with a g 
Bsl of blue in it." This remark may serve lo eiplain whjr the ■ 
— ' '^ " at different times, appeared to him lo voty in iia tint, ati 
_... u L. ^-'- - --Tsh ofyellow and hhl 



le being whil 



I of yell 

Whai 



^ n requoted 

other i/tllB«i. In these contraaD he invariably placed while ai 
taaUiig hintielf as in 



a blue 



aslB he invariably placed while BDung' 
ed. as in Ihe ^cedin^ examinalian^ wfe 
siee shades. That iriute should be dsi 



being hitad i 
h^KwasaUi! 
Idindnesfl eilei 
of the colors lo 



redfij 



green, whioi 



ler cases we ^idl find reason 

to lighl of other colon) Ihan _ 

I want cfdiBcriniinBtian between sbad» in 
jch the eye is seiubls. The Plyuuuth taiki 

u. Vol. Xn. Fart.L, or AtiiLyganuJ^ Auw 
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«Me it deocribed hv Mr. Harvey (see pose 260, text), seems not to have 
Iman entirely blina to red ligh( and to nave been in a measure blind 
to bine; thus the nismatic spectrum appeared to consist entirely of 
ytfttMOy and Ughi blue ; the red, orange, and yellow spaces appearing 
•■ if red had been withdrawn irom them, wiule the full blue, the in- 
digo and violet were light blue, and dark blue and indigo stuffii ap- 
peued to be Hack, and crimson was either Uue or Uack. A dark sreen 
AB Denuded as broumt by which, since he was blind to red light, he 
■RHt DBve meant a shade of black, and light green as orange, by 
wliidi, ftr the reasoo just stated, he meant a variety of yellow. The 
Ifaie in both these mixtures escaped his perception. 

An extreme case seems to have occuned in the vision of Mr. Harris, 
of Allonby, who, according to the statement of Mr. Huddart, could 
ODhr distinguish Hack fiom icAite, or was entirely blind to colors. 

It is mudi to be desired, for the elucidation of this curious subject, 
tfiat more well examined cases were on record. The colors of the 
qiectram afibrd rigid tests, not to be found in colored stuffi ; and by 
■odi testa only, the minutia of peculiarities of vision can be satis&o- 

" detenninfid. 
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" 1. 



f 



APPENDIX 



TO 



SIR DAVID BREWSTER'S 



TREATISE ON OPTICS; 



mTENDED TO ADAPT THE WORK TO USE, AS A TEXT-BOOK, 
Of THE COLLEGES OF THE UNITED STATE& 



BT A. D. BAOBE, 

or NAT. PHILCN3. AND CHXMISTRT IN THK 
UNIVnSITT OF PKNNSTLVANIA. 



'4. 



Entered according to the act of congreBB, in the year IB3^ by Caut, 
Lea, & Blanchard, in the clerk's office of the district court of tlie 
eastern district of Pennsylvania. 



STEREOTYPED BY J. HOWE. 



ADVERTISEMENT. 



The object of the following Appendix ig to place in 
the hands of the students of our Colleges, a text-book 
vhicfa will furnish them with some of the oBalytical 
methods of the most recent writers, upon the elements of 
Optics. 

The work of Sir David Brewster is from the pen of a 
master, and presents, in a popular form, the results which 
have flowed from experiment and from theory, applied to 
the investigation of the different branches of Optics- The 
Appendix merely aims at supplying to the student tho 
mode of determining the results givea in the text, more 
particularly in what relates to Reflexion and Refraction. 

It may not be amiss lo stale, that 1 do not present, to 
the notice of inslructets, an untried course, but that most 
of the propositions in the following pages have entered 
into the mathematical portion of iho course, taught to 
ihe Senior Class of the University of Pennsylvania. 

The works in which (he full development of these 
subjects may be found, and which have been consulted 
in the composition of ihe Appendbc, are Coddington's 
Optics, Coddington on Reflexion and Refraction, Lloyd's 
Treatise on Light and Vision. The more advanced 
student will lind the subject treated by the most general 
methods in Herschera Treatise on Light. 

A. D. DACHB. I 

PHILAIiKLrBu, March, 1333. 
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CHAP. I. 

REFLEXION BY SPHERICAL AND PLANE MIRRORS* 

(1.) In considering the cases of reflexion from spherical or plane 
rfiices, two divisions will he made : in the first, the axis of the 
cident pencil will be supposed perpendicular to the surface of tira 
Imr, in the second, oblique to it ; in the first case the pencil is 
rmed direet, in the second, oblique, 

.) PjioF. L 7b determine the form given by reflexion to a gmaU 
direct peneU of lights proceeding from a point in the axis of a 
mirror. 

Case 1. In flg. 8., p. 18 of the text, let A represent the radiant 
lint of a pencil of divergir^ rays, F its focus, and C the centre 
' a concave mirror. Call AD = «, FD = t>, and CD = r. The 
igle of reflexion FMC being equal to the angle of incidence 
MCy the line CM bisects the vertical jmgle of the triangle AMF: 
hence (Legendre*s Geom., Book III., Art. 201., or EucUd, VI. 3.) 

AC : MI:: FC : FM, or 

AC __ FC 

AM '^ FM 

The pencil being, by supposition, iwy small, the point itf is very 
AT to 27, hence & the approximate value of AM we may take 
Z>, and for that of FH FD, The equation just found beoomes 

AC __FC 

AD~~ FD ' 

By the notation adopted above AC = AD — CD es u — - r, and 
C -a CD^FD = r — c. We have therefore 

u — r r — V 
= , or 

u V 
1 = 1 , whence 

tf V 

* Througbout the Appendix, the student is supposed to be acquainted 
Ith the correspondiag cbaptem in the body of the work. 



I 

■ i 

I 



dividing by r nnil tiansposiag 

i + i=-?- (■> 

(3.1 C»BK 2. We ncit proceed lo tho omo in whitll 
pencil bib upon a eoncace mirror, /lif. 10., ;i. SO d 

AM, 4W representing the two citmme rays of th 
verging to A\ the imagiiiary radiant point HIF M 
reflected raja. Tliu radius CM Uierofbre biacclE Ihe 
the ootward an^ of tho trinugle A'MF, and [Euc V 

'.■: -. ;; ij AC Fc 



Using the notation before employed, A'D rz^u, i 
DC = r, whence A'C = u -(- r, ond FC = r—wt 
■uhatituled ia the ccjUBtion just found give, 



(■1.) Comparing eqimtinQ (b) nilli (a) wo find tbat j 
it oidy in the sign of — which iii positive in (a) Bbl 



wc Bpree to five th 


B poEitn^ lign to Ai 


point ibr divirg-ing 


■ttjB, negative ftr c<M 


B consider the dista 


nee (u) positive, nhfl 


front of the mirro 


, negative when ill 



I^ then, i. u represents tlio distance of (he ladiimt 
mirror, will denote the degree^ divergenoj c 

□f tbe incident rays. In like monncr, — will repna 
Vorgency of tin) reHceted rays. From urjuBlions (a) 



♦^'^(V^'l 
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e r is a constant quantity ; a result which may be thus ez- 
ed : the divergency {or convergency) of the incident rays to- 
T toith the convergency of the reflected rays is a constant 
aty for Uie same mirror. The curvature of the mirror is 

ured by — , the reciprocal of the radius. 

r 

) Case 3. Diverging raya Ming upon a convex mirror. Fig, 13., 
, text 

16 line CM, bisects the outward angle of the triangle AMF^ 
ice (Euc VI. A.) 

AC FC 

= , or 

AM FM 

ituting their approximate values fixr AM and FM, 

AC ___ FC 

AD ^ FD' 
>y the notation adopted in the cases abready considered, 



" "^ ^ — : !! — ^ , whence / 



* 



a. » / •^ 

i L_ 2 -rt-K. 

u V r 



V' 


/ 


(• 




1 


y 


1 


) 

* 



I comparing this equation, in which we have made — posi-^'^ 

tt 

eis it corresponds to a real radiant, with (a), we perceive that 

1 2 

igns of both and — are different From the figure we 

V r 

ve that V corresponds to an imaginary focus, and that the nu 
18 now behind the mirror. Equation (a) may, then, be used 
>resent this case if the sign of the radius be dianged ; the re- 
tg negative value of the rocal distance corresponds to a focoa 
id the mirror. 

) Cask 4. Converging rays falling upon a convex mirror. The 
ila for this case may be deduced from Jig, 12., if BM and 
be made to represent the incident, and MA, NA the reflected 
We should have by proceeding as in the last case, 

FC AC , 

= , or 

FM AM 
FC _ AC 

FD "^ AD* 

since FD r=su, F being the imaginary radiant point, and 
= v, A being the focus; FC = r — u, and ACsmt -f v, 
ce 
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i ' 1 T = \ , or 



r i. ' -r 





r — 


« _ 


_ r 


+ 


V 




u 






V 




1 




1 






2 




+ 




^^ 


— - 




u 




V 






r 



(d) 



•I the first term being made ne^tive to corre^xnid to the cai 
QOiiYerging rays. This fimnma differs fi:om (c) in the sig 

L , which was negative in (c), and in that of — . The i 

shows that v in this hitter case corresponds to a real focus, 
in the former — v denoted the distance to an imaginary : 

The change of sign in — conforms to the remarks ma 

u 

article (4.) 

(7.) Comparing the four equations (a) (b) (c) and (d), w( 
ceive that the formula 

± + J- = A (I) 

u V r 

may be made to include them all, by attributing to u, and r, r 
tively, the positive sign when the radiant point or the centre 
fiont of the mirror, the negative sign when either of these 
is behind the mirror, and by considering the positive value o: 
corresponding to a focus in firont of the mirror, its negative 
to one behind it 

(8.) We might have commenced by giving to the studer 
conventional mode of considering the quantities used in t] 
alysis, and then have deduced the general equation by referei 
a single diagram : we have preferred in the outset to show hii 
the variations in the algebraic signs are not arbitrary, but rei 
by the geometrical rela^ns of the quantities. 

From the formula 

— + JL = A (1) 

u V r 

we deduce the general rule, that the sum of the vergeneies* 
incident and reflected pencils is a constant quantity, 

(9.) Having obtained an equation (1) expressing the relati 
tween the distances of the radiant point and focus of a small ] 
by means of the radius of the mirror, we shall proceed to int 
it in its application to different kinds of mirrors, and under dij 
circumstances of the incident pencil. 

* This convenient term, expressing, as the case may be, either dive 
or convergency, is proposed and used by Lloyd in his Treatise on Lig 
Vision. 
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lor. IL 7k ^bUmdne ike form given to a omaU pencU ofroyo by 
reflexiom from a plane mirror. 

In the plane mirror the radius is infinite, or — = o , whence 

am a), 

V V 

V = — «. 

Ilie focus and radiant point are at equal distances firom the 
bnir, bat on opposite sides of it. 

(10.) IfjparafleZ rays fall upon the mirror u = 00 f and = ^00, 
the reflected rays are parallel This corresponds to the case 
presented in Jig. 4, p. 15, text 

(11.) If the rays diverge before reflexion, the formula 

J_ 1^ 

0W8 that they will be equally divergent after reflexion ; and 

c = — tt 

at the focus is as for behind the mirror as the radiant point is in 
mt of it. Fig, 5., p. 15, text 

(12.) For converging lays (Jig, 6., pw 16, text,) u takes the nega- 
re sign, and (2) becomes 

1 = (3), whence, 

u V 

— = -i. 

V tt 
O = tt. 

Tlie siffn of v being positive the ibcus is real, its distance v in 
hdlX of the mirror is equal to the distance of the imaginary ra- 
ant point behind it 

3.) Paop. IIL Reflexion of a emaU peneQ of light by a concave 
mirror. 

The formula which applies to this case is. 



1 

tt 


V 


= 


2 

r 




(1). 


By transposition 
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tt 
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ur 


2tt- 
ur 


-r 

_, or, 



2tt— r 
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This value of v gives the role on pago 19 of the text |^^ 

(14.) When the rays are paraUd — as o . And 

V r 

r 

The sign of v being positive shows that the fbeoB is in fiontcf 

the mirror, and its value — , that the ibcal distance is half tk 

2 

radius. This is represented in Jig, 7., p. 17, of the text, lAtm 

FDz=^ CD. 

The focus of parallel ra^ is called the principal focus. As it 
serves as a point of comparison for the foci of other rays, we afaaD 

Q 

represent its distance by a sjrmbol, /. Placing for its valoe 

r 

— , fennula (1) becomes 

— + — = 4- c*> 

U V f 

(15.) The next case to be considered is that of dioergmg rays. 
In this, « is positive and the formula is 

— H = -J- (4), whence, 

H V J 

Jl^__ J 1^ 

t> / tt 

As long as tt > /, or the point A in fig, 8., pw 11^ is fiutber 
than the principal focus firom D, we have — ^ , and _ 

is a positive quantify, or the rays converge afler re> 

flexion. Since __ L <* _ , we have J« < _1- , and 

f u f » / 

V >fj or the focus is farther firom the mirror than the principal 
focus. 

If we suppose, besides, that A is beyond the centre C, we have 

« > r, and J- <: J_ , whence JL L,or-£. L>? 

" r f u . , r u T 

, or > — , and — > — , or t> < r, the focal distance 

r r V r 

is less than the radius. 



,or, 
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"We infer, then, that rays diverging from a point beyond the 
*ntre of the mirror, are reflected to a point between the principal 
*cus and the centre. 

As diminishes in value, — evidently- Ant increase, or, 

i u increases, o diminishes, and vice versa : tha^ is, as the radiant 
lint recedes fit>m the mirror the fixsus approaches it, and vice 
irsa. When the radiant point becomes infinitely distant, the rays 
re parallel, and their fixsus is the principal focus. 

We have seen that as long as the radiant point is further firom 
le mirror than its centre (that is, ti > r) the focus cannot coincide 
ith that centre (or t> < r) v^hich it approaches. If ti = r, or the 
idiant point coincides with the centre, then 

1 _ JL L=_£._JL=:Jl 

V f r r , r r 

ad the rays are reflected to the centre. 
Let the radiant point now pass the centre towards the principal 

»caB, that is, let tt < r, and at the same time u > /, or — > - 

tf r 

od ___ < — . Since — < _ , -i _- is still a positive 

uantity; the rays are, therefore, still brought to a focus: but 

ince J_>-L, J: L_ or -? L<J_, whence 

II r / tt r u r 

. ^ JL and o > r ; that is, the focus lies beyond the centre. . 

r 

When the radiant point coincides vnth the principal focus « =/• 

rhence, i-r= _L,and — = = o, orvcsoo; 

u f V f u / 

ae rays are rendered parallel by reflexion. 

If we suppose the radiant point to approach still nearer to the 
lirror, so that tt </, we have _ > __ , whence _ is 

egative; that is, — has a negative sign, or the focus is 

naginary, the rays diverging after reflexion. The divergency 
f the reflected rays is less than that of the incident rays, 

>r J- = _^-i L\, and i-«4-< — • ^ ^• 

I) Vtt// tt/tt 

BTgency before reflexion. 



TW ^fm «f li« tiBiirili n tfin ricM *• — ■* -■^ of this t 

tea )t«c tab J Mifan. — 'm aiwaja pomtive. Cmnfgiiig 

WV (kn^«^ ahoft tewght lo u locus. Moicorer, nnce _ 

^ _ , _ >. _ , or tbo oonvorgency ia greater •fter, Uai 




^nviny Tiih iho rule on p. 20 of the laiL 

(IT,\ Pwirk lU. Rrjltjnm <^ a «««Ji penctf o/" ray* iy a 



-^ + -i- = _jl_ (6). 

1,1^ »W|iw«JWr«^0^.11,p.21,teit,) — : 



1*» Actki n MiiiM) the mirror, <md at the distaoce, ft- 
ljJ^*TJ|** '^ prinrijsd fbcal disbmoe /, the formula for 
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- (19.) For diverging rays (Jig, 12^ p. 21,) wc have 

_L = _ ' _JL = _(4.+ JL\. 

V f u \f u / 

ftnd therefore — is always negative ; such rays diverge after re- 

V 

Ondoii, and since -__ -f — > — , or — > — , their di- 

f u u V u 

Mgency is increased by the reflexion. 

^.) Figure 12. will, as has already been stated, represent the 
c^ converging rays fiilling upon a convex mirror, if we sup- 
BM, and BNto represent the incident rays, meeting in the 



imaginary radiant point F. To express this case analytically, • 
most be made negative, and the formula is 

= 7- vo)» or, 

V u f 

1 1 1 



The pontion of the focus, as shown hj this equation, passes 
through variatioiis, corresponding to those m the case of diverging 
rays fiiUing upon a ooncave mirror (Art 15.). 

(21.) It is sometiiBes convenient to refer the distance of the ra- 
diant point and foeiH, to the centre of the mirror, instead of to the 
-vertex. Formula (1) may be readily transformed into one whidi 
shall refer to the oentie. 

Faor. IV. Jb determbte the relation of the distance of tke foeuM and 
radioHt point, of a mnaU peneil of rayOf from the centre of a 
mirror, 

By^f-8np.l8, text, H appean that AD » AC + Ci), and 
FD = CD—CF. CoBiDgAC ^vftnd FC . •. fW, m \m. 
fore, = r, AD = «, and FD miv; wn have u tm^ ^ r^ tnd 

» = r — f/. 

Substituting these values of u and v'miht Mfual^M 

— H ^ — ''l/f it l*«iw» 

u V r 

1.1 » 



r r 



n' + r ' r — • 



^ '/. 



' -1=1- ' 



r-^ • • t^ 



B2 
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Briaginfif to a common denominator the quantities on both i 
of the equation, and reducing, we have, 





»' tt' 




r — ©' ^ tt' + r * 


i'^ 


r — t/ tt' -1- r 
»' ^ tt' ' 




V u 
112 
t>' u' ~ r 



or, 

V tt' r 

(23.) This equation is the same in form with the one 1 
when the distances were estimated from the Yertex, exixpt 
the sign of v ' is negative, the distances o' and u' being 
reckoned in opposite directions. 

Equation (9) might have been deduced directly frtMn the rel 
of the lines AM; FSl, AC, CF, y^. a, in the triangle AMF. 
solution of the question by that method, would have been 
simple. 

Q \ 

(23.) If we substitute for __. , in equation (9), its vahie _ 

r / 

have 

A--^=-J- (10). 

© tt / 

FVom this equation, may be deduced the rdation express 
the following proposition. 

(24.) Pftop. V. The dittancr tfthe principal focus of a sriiTW", 
the rmfrr, is a mean proportional bfticren thf disianees i 
radimU poi^U and focus of any small pencils from the /rrs 
focus. 

Equation (10) gives, 

J- = J- 4- J- - ^- "' or 

r' / "^ tt' ~ fu ' ' 

v' = — : , whence, 

/ - » 

t ^ u / — «• 

/ — *" ■ / •" • / ■ / -^ " • 
m whidi proportioo f — r* reorescais FO r:^. S^ rv If, ta^ 
Ot> — CF, and «• i. /, .40 « AC ^ CO^' " 

(35k^ Tbe soii^ect of nrdexkn at cnrmi Piriicest in c«i«il 
be treated bnrdv in a $iiKi«?qiKi:t charter. Tr-: : r.-cvrbes « 
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faces fi)rmed by the reyolution of the parabola and ellipBO about 
ir axes, are readily understood, from very simple geometrical 
siderations, and gain nothing by being presented analytically. 
3y will, however, he referred to in another part of this Appendix. 

26.) We pass next to the reflexion of a small oblique pencil by 
I^erical mirror, on whicdi subject two propositions will be 
en ; in tiie first will be considered the case in which the axis 
the pencil does not cross that of the mirror, and the pencil falls 
n the mirror near to the vertex, and in the second, the case in 
ich the axis of the pencil crosses that of the mirror. 

.) Prop. VI. A stnaU pencil having its radiant point out of ike 
ixi8 of a mirroTf meets the surface near the vertex, required the 
'orm of the reflected pencil. 

Fig. A. 




^\ 



a. 



^ LMN represent a section of the mirror, made by a plane 
«ing through the lines MR and JlfC, or through the axis of the 
icil and the centre of the mirror. RL is an extreme ray of the 
icil incident very near to i(f, LF is the corresponding reflected 
', meeting the reflected ray MF, which corresponds to tiie axis 
the pencU, in the point F, J^ is the focus of the pencil LRN, 
he plane of the section RMC, 

^8.) To determine the focus of rays which meet the mirror in 
Ane perpendicular to RMC ; suppose a plane to pass through 
^ at right angles to that of the figure, this plane wiU cut from 
pencil, RLN, two rays, which reflected will meet the axis, MF, 
he reflected pencil, in the focus required. If, now, a plane be 
>ed through one of the incident rays, just described, and the 
esponding reflected ray, it wiU pass through the centre of the 
ror ; the line /2C, joining the radiant point and centre, will be, 
cfbrc, its intersection with the plane RMC containinpr the axis 
he incident and of the reflected pencil ; and the point, F\ in 
ch RC produced meets MF^ will be the point in which the sup- 
id plane meets AfF, tliat is, the focus of the reflected penciL 
lie focus, of the reflected pencil, in any plane between RMC 
tlie one at right angles to it,* will be found between F and F\ 

:!odiIington terms the former of tliese planes the primarjf plmnt^ dM 
!r, tbe secondary plane. 
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(29.) To determine, analytically, the position of the pant 
draw from tiie vertex Af, MX and MZ perpendicular, rcspectii 
to RL and LF; also from C, CP and CQ perpendicular, N8peei>^ 
tivdy, to RM wad MF. As the arc LM is very small, it may be i 
sidered a straight line perpendicular to the radius CL; wneneetfa 
incident and reflected r^ making equal angles with CL, alsoimli 
equal angles with LM^ and the triangles LMX and LMZ M 
similar. But they have the side LM common, hence they are eqoi^ 
and MX is eoual to MZ, The two triangles CPM and CQ^ \iaa% 
also equal, CP is equal to CQ, And since CT and CS may n 
considered as perpendicular to RL and LF^ they may be taken u 
equal. WhenoeP7= QS*. By the similar triangles 12P 7 and iUO; 

RPiKMiiPTiMXi 

and by the similar triangles FMZ and FQ^, 

Q/S : MZ:: FQ: FM; 
whence, since P7s: QS; and MX= MZ, 

RP : RM :: FQ : FM (e). 

Let RM= u,MF=v,CM= r, and the angle iWO = f . 
Then, 

RP = RM— MP = RM— CM . cos RMC, or, 

RP = tt — r cos ; and 

FQ == MQ — MF ^ MC . COB CMF—MF, or, 

FQ = r. cos — c. 

By substituting, in the proportion (e) above, for RP^ and FQ^ 
the values just found, and for JRjIi; and JF!Af, u, and «, we have 

tt — r. cos : ti : : r. cos — v : o, or, 

tt — r. cos r. cos 6 — v, t.- -j- . 
= L. . Dividing by r, 

1 





V 




* ^ 


coe0 _ 


_ COS 




1 


u 


t> 




r 


cos <p 


_ 2 


• • 


. . * 


u 


r 




V;C 


t> r^ 


ur 




u 




2u 








. —V 


r 


■- 



r 

««'*+— :=^ (11), ,^.^ 

whence, '■' r , '^ 



cos 

(30.) To interpret equation (11) geometrically, we should ob- 
serve that the ratio of AOT to RM, that is, ( ?^\ , measures the 

\ RM / 
divergency of the incident pencU LRN. But in the triangle MXL, 
MX =2 ML . COB LMX, and since the angles XMR and LMC 
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early right angles, LMX is nearly equal to RMC, or MX== 

cos 0. , therefore varies with .£2Li , which, conse- 

RM u 

tly measures the vergency of the incident rays. In like 

ler, 1. eipresses the vergency of the reflected pencil 

V 

e infer, then, firom (11), that the sum of the vergenciea of the 
nU and reflected pencUa is a constant quantity, 

^ = 0, or the rays proceed from a point in tAe axis, oob 
1, and formula (11) becomes i i I ^ 

u V r ' 

!ing with equation (1). 

the rays are paraUel, f = o, and 



V ^i 



u 

cos 2 \ 
1 = — , or, ^ 

V r 



/■ 



u> 



f 

v = -— - • cos 0. 



..) To find the podtion of the point F\ for the plane perpen- 
%r to RMCf we have, in the triangle jRitfC, 

MC : MR :i am MRC : sin MCR, or, 

g the angle jRCZ>, d, whence MRC = — ^, 

r : tt : sin (0 — 0) : sin d, 

r sin (0 — if) 

f — = : — - — » 

tt sm 

by substituting for sin (0 — ^) ^ value, 

r sin cos ^ •— cos 0. sin 

tt . sin 

MF' be called v', we may deduce from the triangle CMF*^ 
method similar to that just used, 

r _ sin (0 4. 0) 

«' sm0 

r sin 0. cos -f. cos 0. sin 

V iin0 

r r 

<tiQg together the values found for — , and — .. , and re- 

tt V 

g, we find, 

— + -^ = 2.co8#,or, 

tt V 
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J_ J_^acoM oay 

u v' r 

Since 22L^ represents the vergency of the inddent raysi aiil 
tt 1 

^^^ that of the reflected rays, it is evident, from (12), tint m 
v' ^ ' 

sum of these quantities, for the incident and reflected rays, ill 
secondary plane, is not constant for the same mirror, bat deipmk^ 
upon the angle, 0, of inclination of the axis of the pencil, to At' 
axis of the mirror. 

(32.) Prop. VII. A smdU oblique pencil crosses ihe axis ft^ 
meeting the mirror, required the form of the reflected pewSL 

Pig.B. 




In the figure, R is the radiant point, RL the axis of a small 
pencil, of which one of the extreme rays is RN; MC is the ass 
of the mirror, which is cut by RL at the point jD. jP is the focos 
of the reflected pencil in the plane RMC, F' (found as in the 
last proposition) is the focus in the plane perpendicular to RMC. 
In this proposition must be found, besides the distances LF and 
LF\ the point Y, at which LF cuts the axis, and the relation of the 
angle LYM to the angle LDM^ which latter angle is given. 

Call, as in article (29.), RL^u^LF^v, LF' ^v\CLz=r; 
also let MY = «, MD = b. 

Since CL bisects the angle DLY, we have, 

YL : DL :: YC : DC, 

or, taking for YL and DL, the distances YM and DM, which are 
nearly equal to them, 

YM. DMii YC I DC, that is, 
z : b :: r — % : b — r, or. 



r — z 



b — r 



•y 



or, 



J L=J L and 

z r r ^ b 



f 
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— + -^ = — (13). 

z r 

An eqaatkn fiom which z may be determined. 

Iho i^ipfoximate value of the angle LYM may be obtained by 
"... ■myiiig that the tangents of LYM and LDM are to eadi other 
. ^ ttie dwtwnfins F9f and DM, or, 

tan y ^ Ktf __ JL.-^^ *•• "5"^^ 
tan JD 2?JMr ■" T ' " ^ *" YVlC 

The distonoes Z^ and ZF' will be given, as before, by the 
^yitionfl 

£2i*+?2^= A (11), and 

u V r 

-L+ J_ = iii21i (12). 

u v' r 



CHAP. n. 

FORMATION OF IMAGES BY REFLEXION. 

33.) In discussing the subject of the formation of images by 
reflexion, the surface of the mirror will be assumed to be spherical, 
and the most useful case will be solved ; namely, that of a plane 
perpendicular to the axis of the mirror. The objects, of which 
images are to be formed by mirrors, when not plane, are generally 
of irregular forms, and the images can be found, only, by points. 

Fkop. VIIL 7b determine the image of a plane, perpendicular to 
the axis of a mirror. 

Fig. a 



n- 




In the figure, let ilfiV be the intersection of the plane constitutinjgr 
the object, with a plane passing through the axis of the minor. It is 
evident that if a small pencil of rays be supposed to proceed from 
each point of MN, and the several foci of the pencils be deter- 
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mined, the assemblage of the points thus finind will give 
image. From M and TV, through C, the centre of the mirrar, (" 
MB and iV^, the axes of two pencils of rays firom Jlfand A^i 
upon which, therefore, the feci of the pencils wiH be fixnd. 
the focus of the pencil, of which MB is the axis, be at «. 

By our former notation, (art 21.)* MC s v'. Cm s i/*, and i 
= r. Call C£, the distance of the object fixnn tiie oentn 
mirror, d ; and the angle MCE, 9 : then, ainoe 

CE=:CM. COB MCE, 

d^u' . cos 8, or, 
d 



il 



is 



u' = 



cos 



The general formula, for the relation of the distance of the i& 
diant point, and of the focus, from the centre, was, art (23.), 

1 _ 1 1 

and, substituting the value of u', just found, 

cos 






(14). 



The polar equation of a conic section, the focus being the pde^ 
is (Young*s Analyt Geom., Chap. V.) 



r=: A 



1 — e3 



or. 



r 



I -\- e , cos (0 
1 , e , cos (o 



+ 



il(l — c3) il(l — e«) 



"D ♦ 



This equation will be identical with (14), if we «uppose — = 

= — , = — , and &> = 0. 

^(1 — e2) / A{l — e^) d 

The image of the line MAT is, therefore, a portion of a conic sec- 
tion, of which C, the centre of the mirror^ ia one of the foci. 

(34.) Sinco/=il(l — c3)=:^^l-^^= ^, (Analyt 

Geom.) the semi-parameter of the conic section, and / is constant, 
it follows that the radius of curvature at the vertex of the conie 
section, which is equal to the semi-parameter, is independent of 
the distance of the object from the centre of the mirror. 

(35.) We proceed to examine the variation in the figure <^ the 
conic section just found, when the distance of the obj^ firom the 
mirror varies. 



'J 



J\ 
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FInt, let the object be iniinitely distant Then, JL = o, and 




^ 0^ that is, e e= 0, and the image is a portion of a 



fadiDfl of the circle is half that of the mirror. 



Ai tiie object is bronght nearer to ihe mirror, d diminishes, or 
--increases; but| _— = - — f , and, since A (1 — e^) =/, 

or is coofltant, • must vary as — , and, therefiire, increases. As 

d 

loDffM4l>/, or — ^ JL, f ^ I , or e 

< 1, and the image is a portion of an ellipse. 

When d ess/, e es 1, and the curve is a panibola. For d </, 
e > 1, and the curve becomes a branch of & hyperbola. 

If <i =s 0^ or the object passes through the centre of the mirror, 
. = 00 , and e is infinite, or the image is a straight linst coin* 

ciding with the object 

When the object passes the centre, towards the mirror, d be- 
comes negative, and the equation (14) changes, if we reckon 9 fi*om 
GO, to 

JL=: i S^ (15). 

t/ f d ^ ^ 

This equation gives a hyperbola while d </, a parabola when 
d=sf,an. ellipse when d>f. 

Each of these cases presents curious circumstances. For ex- 
ample, in the case, d </, if a point be taken in the object, so that 

ii'a/, that is, = /, the equation for the fi)cal distance of 

cos $ 

the pencil proceeding fi'om that point, is 

/ — 7 =o» »'=oo; 

the image is infinitely remote from the mirror. If we suppose the 
object to be sufficiently extended to cut the mirror, the point com- 
mon to the object and mirror is its own image, and fi)r that point 
It' ^ r, and ir = r ; between the points for which u' = r and u' = 
/, the distance of the image has varied from r to infinity, and, 
therefiire, that portion of the object which is between these limits, 
has a virtual miage, the part of each branch of which, between 
t^ s r and the vertex, is wanting. 
C 
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The part of the object between u' =d and V =/, baa its n 
beyond the centre ; it is the branch' of a hyperboki co&jagilil 
the first / 

(36.) If the section of the object be an arc concentzie 
mirror, u' is constant, and 

is constant, or the image is also a circular arc concentric widiii| 
mirror. In this case, the relative magnitudes of the object oil 
image are as their distances fix>m the centre of the mirror. 

(37.) We have considered a section of the object, of the inngt^ 
and of the mirror, made by a plane passing through the axis of 
the mirror ; if these sections be supposed to revohe about the oofr 
mon axis, the section of the object will generate a plane, and tfait 
of the mirror, and of the image, surfiices of revolutioa coneflpaBii 
ing to the sections. 

(38.) The case of a convex mirror is embraced by equatkn (l^b 
if r be made negative. 

For the plane mirror, r = oo , and — := o^ whence, 

r 

4 = ^* (16). ■ 

and the image is nmilar to the object. 



REFRACTION. 






CHAP. UL 

REFRACTION BY PRISMS AND LENSES. 

(39.) The most simple case of the refraction of light, is that in 
which it takes place at a plane surface. The perpendicular being 
drawn, the refracted ray is connected with the incident, by the law 
(p. 29, texti) that the sine of the angle of re&action bears a constant 
ratio, for a given medium, to the sine of the angle of incidence 
To represent this law analytically, suppose a ray passing fitnn a 
rarer to a denser medium, call the angle of incidence 0, the angte 
of refiraction 0', and let the sign of incidence be to that of refrac- 
tion, as m is to 1, when m will represent the index of refiraiction of 
the denser medium, that of the rarer medium being unity; we 
have 

sin : sin 0' : : m : 1, or, 

sin s= m . sin 0' (17). 



.1 



and f Uint of refractiDD. 

iinoU, tLc; may he tikea iQElciid 



ir sines, in winch cnac, 

i) Tho difference between the angles of incidence and leftaa- 
ia termed the deviaiian of tlie rsy, tor a single sur&ca. When 
re verj small, we have, tor llie deviation, 
fl — f = mf' — *' = i.m — 1) f, 
* — ^'=^^- (I (18). 

le davlation, Ihcrelbre, when tbe anglo of incidence ia email, 

'-Tit ratio to that angle. 

U.) The case of [he tOal refieiion of a ray moving in a denser 

r medium, (pp. 34, 35, leit), b comprehended in eqoa. 
• The ray pass[ng ftom a dcuacr to a rarer mcdinm, if 0' 
to represent the angle of incidence, and # that of refrac- 
ill remain greater than nnlty, the angles being, as belbre, 
d by the equation 

m . sin *' = Bin # (17). 

equation, smce lin * can newr eiceed unity, wi ain *' 

ut exceed unity, whence sin #' cannot exceed — > (in wliich 

mn 0' E= 1,) or, the equation cannot be satiaEed if sin t' 

The ray then ceases to bo refracted ; it is wholly rc- 



angle, at which, light, pasRing through a denser medium, 
"leting the separating siu'fji^s of the denser and of a 
edium, ceases to be refracted, is found from Uie cquulion 
r — . If (he dL'nser medium be glass, and llie rarer, air. 

= — _ =: -^ , whence, '/>' = 41° 48'. 

.) The phenomena ofrcBeiion might be derived, analyticoQy, 

I of refraction, hy considering tfiat the ingle of retteilon 

niored with the same perpcndicuiar as that of retraction, or, 

h supidoineul of thai measured by «'. (see tsjt, fip. 22^ p. 35), 

"' it the angles of incidence and reSeiion are equal, bul on 

t sides of the perpendicular; so that, in the case of re- 
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L) Prop. X. 7b find the deviation of a ray, or of a small pencil 
tf rayg, incident perpendicularly on one of the surfaces of a 
pntMm 

When the incidence upon the first surface is perpendicular, ^ = 
n^ and ^' s o, and equation (20) becomes, 

xj,' =s a, whence, 

on ^^%=sfft ,Bm%lf'ss^m .ana; 

Imt from the value just found for S, we have, 

xj/ =sa ^ Sf whence, 

ain(a^-^=:fft.8ina (32) : 

ttoBBL which equation, S becomes known when a and m are given ; 
or, 

__ Bm(fl + ^ 

fit = : 1 

Sin a 

maj be fiiund by determining i and a. This is one method of 
determining the refractive power of a substance. Another method 
if famished by the next proposition. 

(47.) Prop. XI. 7b determine the deviation of a ray, or of a small 
penal of rays, when the angles of incidence ana emergence are 
equal. {Fig. 20., p. 32, text) 

By the condition of the question ^ = ^, and since, firom (17), 

'^ ., sin ^^ , .^ .# sin ^ 
am = — - t wid sm v^ = — - » 
m fit 

sin 0' = sin ^', or, ^* s ^'. 
Equation (19), gives, 

20'==a,or,0'=: -?-, 

and firom (20), by making <p = xj/, 

3 = 2^ — a, and <p = ^ ^ • 

Substituting these values for ^ and 0' in (17), it becomes 

sin -^ (a-(.^s=fft.Bin-~-a (23) ; 

an equation fix)m which i may be determined when a and m are 
given. 

By transmitting light through a prism to that ^ ==</', we have 
a method of measuring the rrfractive power of the substance of 
which it is composed, tor, 
C2 
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Bmi(a^-6)r=sm.Biiiia, whence, 

^_ Bini(a + f) (2^^ 

sin ^ a 

The equality of the angles of incidence and emergence may be 
ascertained, by measurement, with the instroment which has bea 
devised for this purpose, or by the use of the propositioo which 
follows. 

(48.) Prop. XII. 7%e angles of incidence and emergence, ofarwf 
paering through a prism, are equal, when the deviation ti c 
minimum. 

The proposition requires the deviation to be a minimnm. Wo 
therefore find its value, differentiate it, and put the dififerehtial «>• 
efficient equal to zero. The value of the deviation, finn equalkii 
(20), is, 

the difierential of which, a being constant, is, « 

dissid<^ -\- J\l/,' whence, 

d^ df^' 

liquation (19), is 

a = 0' 4. >l/, 

by the differentiation of which, we obtain 

d<p>' 

From equation (17), by a similar process, we have, 
d . sin = fit . J sin 0', or, 
cos . (20 s= m . cos 0' . J0', or, 

d0 = m . e2ii' . d0'. 
cos 

In like manner, we obtain, by differentiating (17^), 

cos -vi/ 

Dividing the second of these equations by the first, 

d^ cos . cos \1/ d'V 

— = . . — , or, smce 

d0 cos 0' . COB 'vl' d^' 

dV_ 

d<p' •*' 

d4> COS . cos -vI/ 

(20 cos 0' . cos >|/ 



1=1- 



■ value fixnid fbr tbe difibrentul ooefficieot of j, it 
Ib equal to lero, whence. 



GOB f' . COS ^tl 



= 1 . 



h ia >Ktiifi(id if f = <]>, or (b angUi of ineiJenee 
tmergratt art tqaai. Ilie cpethod of luing Uua propoaiticM 
ifc~q in art. 35, pp. 33, 34, of the teit 



R^raelion by Len$et. 



4>U !»■ win be, fint, aMUmod u iade&iitely idibII, and the tliick- 
>W cr the lena Du^ectad,- next, tbe conectura e>r thickncH will 
■a nOiodaced, and, laatl;, under tbe title of Ahtrratioa of Lautt, 
BN cue of & pencil of an; magTiitude will be crauidered. Roftac. 
Son thnmgh tfkena and parallel plane aurlacea, will be deduced 
Bom a eonuderation of the general case. 




Lot £ be the ndiaut point of a amall pcKJI, oT which ^Fie 
tha txia, and ER the eitieme nj; the raj ER, posaiiig into the 
Aaaa medioni, will be re&acled lowardi the peipendicnlar, CR, 
making the angle mRM Icsa than ERC, and io luch a proportioa 
that dn ERC : ain tuRM : : tn : 1, m lepreaeDtiiig the index of 
nfiacti«m of tbe deoMi mediam, that of uw tarn medium being 



32 SINGLE SFHEBICAL SVIIFACE. APPBNDIXtl*^ 

Can5F=it,FF=i«', CF=r. In the triangle, £i2C, w |V 

have, 

EC sin ERC 



t 



ER sin ECR 

and in FRC, 

FC __ sin FRC 

FR "" sin FCR ' 

Dividing the first of these equations by the second, 

EC FR sin ERC ^. .„^ 
, . — = , and smoe 

ER FC Bin FRC 
sin ERC = fit . mn mRM s m . sin FRC, 
EC FR ___ 
ER FC~ ^ 

The pencil of rays being very small, the pdnt R is very near to 
F, and for ER and FR we may take their approximate vahM 
EV and FF, whence, EC = EV — CF= » — r, and FC = 
FF— CF = tt' — r. Substitutmg these values of EC and FC, 
and the values of ER and FR for those lines in the equation just 
found, it becomes 

tt — r a' 



tt tt 



r tt' — r 



7 = wi, or, 



= m . ^— ; and, dividing by r. 



u tt 



1 1 wi wi , . •*• _> 
= , or, by transposition, 

. . . (26). 



tt r u 

m 1 m — 1 



tt' tt 



(51.) This formula may be adapted to all cases of a small pencil 
incident upon a spherical surface, by a conventional mode of con> 
sidering the algebraic signs, of the different quantities involved in 
it Let us, as in reflexion, consider u, u', and r, essentially pon- 
tive when the radiant point, the focus, and centre, are, respectively, 
in front of the lens, negative in the contrary case. 

Tlie positive sign of u' will, then, correspond to an imaginary^ 
or virtiud, focus ; and tlie negative sign, to a real focus. This it 
is important to the student to recollect, since the reverse has bera 
the case in reflexion. 

It would hardly be useful to discuss the variations of formula 
(3G), by changes in the quantities concerned in it, since we must 
consider, in reflraction by lenses, the action of two surfoces. 



r: 




'yA ER, aa befbrG, bo the eitrome ray of the pencil, EV the 
■ of Iho pencil and of tho lens, HM the ray refracted at tho first 
face, CR tho nidiua of that surface, M tlie point in which RM 
Bta the second siuface, CM the radius of the eecond surfuco 
wn to the point ilf. Pioducing MR until it meets the axis, P 
he virtual focus of rays refracted by the first surface. Since 
reiiroctien at M is from a denser to a rarer medium, the ray 
e&ttcted finm the perpendicular, taking tJic direction MW, which, 
longod until i( intersects the axis, gives F' Bit the virtual fiicui 
Lbs pencil refracted by the lens. 



u' u 


— p- («l>). 


nie equation for tho refraction at tho second surtice may be in. 
EfiCnndFKC. Thus, 


FC Bin FMC 


„„^ F'C sin F'SfC 
FM fin F-CM' 


^P FG F'M _ 

^ fm' f-c 


■in FMC 1 
sin F'MC m 


UI YV, the thickness of the lens, « ; f F, » j P F, r' r then 

' = u' + t.FC=u- + l — r', and F'C' = v — r'. The« 

E&m we have. 


■ -t'-^- 


" = J- , whence, 



r 



LEES.— CE^CCKAI. FOSmoP^^^^H 



^ ^ • ifeMi '■■tTi ''"' ^E" '^ '''^ second membst 
^ agiM^ (mJ at <■ win be conveniBnt [o ehow tbii, ' 
^MltafaMtf AMMBitef, and Uie equation becomes, 

v-sir?= ?^ ^^''■ 

IW • *• 1^1^ iliiriiiii bHnen u', n, r*, (, Bad m, vld 
■*■•< ddfe ^fV *dl ANetmuiK i in temw of u, r, r', I, sod 

(B: tr te -"• W (be IcM is H) small that il omj 

J ^= _."~'. bnl,fiom{2G), 

I I « — 1 _ «■ — 1 

■;; £ r / • ' 

J L=^-ll(J K\ (38).' 

Ska* -\. Mfna^M ik d^iM7< at conrerfronc;, of tk 
" Ijl 1, ' JL ikiftarilH nfitcted peDCil,we ikduM, 

■ (15^ at *■ ^1*1 <*> nwMfiV* t/Ifa Tt/raeUdni 
HMtfraa^ it mimmit^ f mM< *f ^ Otmiait Itni. 1- 

Till ft iM« h n f T a I fci ihi JilTiiiii mi iiflli iiiiiiliiil[|ii 
md Ibh, m w tk( ■ugie nr^B fin. 51). if icv consider the 
lrwm» of (be rriknl |TtnM. fiieai, and cmlre, fotitive whe)i 
/nut ef Ihie lens, uid BCfataTc la the oeotrar; case. The *HH 
mark appliFa Id the gencnl «qn>lHiae (36j and (27). 

(54) In most of the cases whkli oecar in prarticc, the thiek^ 
ncfB of the lens maj be tx^lecleil, and, ifaeteloiB, eqnalion {^ it 
a[^licable to Ihem ; in all cases tiiu njnation deterniines an ■! 
pnuiniate viliie of the ibcal distaoce, to «hjc!i a cottE ' 
thickneea of Uu: lens msj be, cmv-eiueiuly, applied. 



, eqnauon t.^a^m 
eterniines an ap-| 

J 



m. KEFRACTION. 35 

(55.) To obtain this correction for tkUkruss, expend -^^ — , 

tr -|- ( 
i eqiiatktt (37), into a series, by divisioD, 

m 



w' -4- t tt' tt'« ^ tt'3 ^ 



If the thickness of the lens is not very great compared with the 

of the point F, the powers of — - , higher than the first, 

« 

anay be n^lected, and we have, 

fit fit mt 



u' + t v! u'^ 
Sobstitating this value for ~J1 — in (27), it becomes, 

cr sabstitnting for -^ its valne fix)m (26), 

tt 

1 ^ Jl m — 1 tirf m — 1 

» tt r u'^, ? ' 

by transposing and collecting the terms, 

2.= i+(«_i)(-L_ i)_J^ (29X 

in which we perceive the approximate value of JL given by 

V 

equation (28), and a correction ZL. for the thielmese of the 

tt'^ 

lens. 

(56.) Piop. XV. 7b determine the form of a tmaU pencil refracted 
kjf m msdmm, bounded by parallel planes. 



For plane surftces, r and r^ are infinite, whence — = o, and 

r 

■=. 

Equation (28) becomes, 

J L = 0, or, J_ = J- (30). 

V tt o tt 



! TIUCK riMTl 



Till) vefgency of ths refracted pcmcil i« the «, 
IhB ioddeDt pencil, when the ptule u indeEnitel; tl 
(57,) Appljiog UiB correcliou froin oquution C39)I 



tut, from (26). by looking — = 0, 

*" ^ _z_ , whence, u 

' u' in llial ksl given, fer 
1 



Suhslituting this value < 



i=i(l_-J-) (31). 

Equation (31) contoina the theory of refrixcting p 
■idenhle thickness. 

(58.) If the incident raya are pandUl, — ^ 0, nnd J 

ii parallel rajs ore unciianged bj the rofiictj 



23, p. 3G, leit.) 

(59.) The tbIub of — ior diverging rajB, given ly 
live, zero, or ncgoUve, uocording aa we have 



.±^1 = _!_, I < _ip tl 
nil, ( > IRU, in which m i 
a of relation between u, and ( 



1 



For ordinal; cana of relation between u, and (, (t -< nn] 

e, and therefoTs the focus imaginoiy, or the rays alill 1 
after reliaction. Aa u ia measured from the first aiir&ce 
ftom the second, llie ctlcct of reliBClJoa in bringing the 
nearer to, or removing it farther finm the |date, ia not eipret 
the relolion oTn and u, but by that of c — I, and u. To a» 
the eSfect of rotlBctiDn in thu point of view, we talie the vi 
e in (31), or. 



_j 



_ >^ 
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difidinf uid negleotiiig the powers of t above the fint, 

V as u -{ 1 whence 

m 

• — « =s u ^. (/i l\ (32). 

iriueh ainoe m > 1, — < 1, and 1 is subtractive, 

flt, flt 

9 — < < It ; the point of divergence, therefinre, is brought 

the first sar&ce by the distance, t ( 1 Y 

3 11 

In a s^ass [date, m = ., and 1 I- = --. The point of 

2 nt 3 




is, therefiure, brought nearer the first surfiice by one 
^'ibndlhe thickness of the plate. 

— For water, ms-^, andl '= -r ' 

^' (60.) If the incident rajrs converge, u is negative, whence 

' -L = -. l-(l+±) (33), 

m which — is always negative, and, therefixrc, the rajrs still con- 

vwgv* 

Proceeding to find the value of e — t, as befiire, we have 

tnu^ t 

»-« = -(«* + «(1-^)) (34,) 

flan which it appears that the fbcaa is fiirther fi!t>m the first surface 

tfaao the imaginary radiant point, by the distance f 1 1 1. 

The reverse of the result for diverging rays. 

(61:.) Faop. XVI. 7b determine the form of a emaU peneU of rays 
refracted by a douhU convex lens. 

We will first oonaider the case in which the thickness of the 
lens may be neglected. To this, equation (28) will be adapted by 

D 



tbo inddcDt peocil, wlien tho plate u indcfinilclj U 
(57.) Applying die correclion 1>om eijaation (39), wa ob 

1 _ J_ _ IHt 

but, [nun (aC), by making — := o, 

^ = _ , whence, u' = m 

■(' u 

Subrtituting tlib value of u' In tbil kit given, t*'i 



4- = f('-4)- 



(58.) If the incideDl rajs aic paralUI, — _ r^ o, and JL. 

or, v ^ o), ai parallel raja are unchanged by the re&Dctiv 
33,p.3S,teiL] 

(59.) The valaa of — for diverging rays, given by (31), ii 

live, lero, or negative, accordmg as wo have 

l>J-,l = -5-,l<-i^thatia, 
mu nu ma 

u t < mu, I ^ ma, 1 > mu, in which m is greater than i 
For ordinarr cbbgs of relation between u, and t, {t < mu) . 



tftei lefraction. As u is measured fhim the first siirlan!, : 
ftom the aocond, the clloct of reltaetien in brioging the < 
nearer to, oi removing it farther ftom the [date, is not exprean 
the mlalion ofti and u, but b^ that of n — t, and u. To ssct 
tho effed of retraction in tins point of view, wo lake the vol 
« in (31), or. 



SSFBACTION. 87 

■nd DBglectiiig the powen of t ■bove the first, 

9 ss u 4 , whence 

m 

» — « = « + f / J- — l\ (32). 

lich since m > 1, — < 1, and 1 is subCractiTe, 

fit m 

r 

— I < u; the point of divergence, there&re, is brought 

r the first surfiuse by the distance, t (l Y 

3 11 
a glass {date, m = ., and 1 _- = — . The point of 

2 m 3 

genoe is, therefore, bronght nearer the first surfiice by one 
. the thickness of the plate. 

a m 4 

0.) If the incident rays converge, u is negative, whence 
. (31). 

— = - i-(l+-L\ (33), 

hidi — is always negative, and, therefore, the rays still oon- 

B. 

txseeding to find the value of o — t, as befiire, we have 

tnu^ t 

mu -f t m 

t)-< = -(tt + «(l-.l.)).....(34,) 

which it appears that the tbcuB is fiurther fit>m the first surfiice 

the imaginary radiant point, by the distance til 1. 

reverse of the result for diverging rays. • , 

Prop. XVI. 7b determine the form of a smaU pencil of raye 
^racted by a douhle euuvex lene, 

e will first oooiider the case in which the thickness of the 
may be neglected. To this, equation (28) will be adapted by 

D 



36 SEFRACTION BY THICK PLATES. 

The vergency of the re&acted pencil if the same withlhil.i 
the inddent pencil, when the plate la indefinitely thin. 

(57.) Applying the correctioa firom eqaatioon (29), we obtain, 

1 1 mt 



TT' 



but, firam (26), by making — = o, 

:!L = Jl . whence. «• 



Subatitiiting tfau value of u' in that last given, for — . , 

1 1 t 



V u "^^ 



• or, 



-L= JUi L\ (31). 

« tt \ mu / 

Equation (31) contains the theory of refracting plates of eon- 
siderahle thickness. 

1 1 

(58.) If the incident rays are jMtniMel, — =: o, and .!- = •, 

tt 

or, o = 00, or parallel rays are unchanged by the refraction (fig* 
23, p. 36, text) 

(59.) The value of — for diverging rays, given by (31), is pod- 

V 

tive, zero, or negative, according as we have 

1 >-^l = ±,1< JUthatis. 
mu mu mu 

as f < ffiti, t =: mu, t > mu, in which m is greater than unity. 
For ordinary cases of relation between u, and t, {t < mu) — is 

V 

positive, and therefore the focus imaginary, or the rays still diverge 
after refraction. As u is measured from the first surfooe, and v 
from the second, the effect of refiitiction in bringing the object 
nearer to, or removing it fiurther firom the j^ate, is not expressed by 
the relation of o and u, but by that of o — <, and «. To ascertain 
the efibct of refraction in this point of view, we take the value of 
V in (31), or, 

mu — t 



fe 
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hj dividiiig and neglecting the powers of t above the fint, 



s tt 4 f whence 

m 

-, = « + , (l-l) (32). 



-^ In whidi ainoe m > 1, — < 1, and 1 is subtractive, 

fit, III 

flr, V — I < u; the point of divergence, therefore, is brought 

Bearer the fint surfiuse by the distance, ( 1 1 V 

3 11 
In a glass {date, m := ., and 1 _- = — . The point of 

d i vergence is, therefore, brought nearer the first surfiice by one 
third the thickness of the plate. 

For water, m = -^, and 1 «= -j- • 

3 m 4 

(GO.) If the incident rays converge, u is negative, whence 
ftom^), 

— =- I.(l+-L\ (33), 

in whidi — is always negative, and, therefore, the rays still oon- 

9 

verge* 

Proceeding to find the value of o — t, as before, we have 

tnu^ t 

»— .« = r-:— "« = — tt H «. 

mu + t m 

,_, = _„_,(i_i-), 

fion whidi it appears that the focus is fiulher fit>m the first surfiice 

than the imaginary radiant point, by the distance (11 1. 

Tlie reverse of the result for diverging rays. 

(6h) Piop. XVI. 7b deiemune the form of a small pencil of rays 
rtfraded by a douUe convex lens. 

We will first oooiider the case in which the thickness of the 
kns may be neglected. To this, equation (28) will be adapted by 

D 



I jntkuiir Vi tb« n^UH oT tba fini ft , 

U luiuad ftom incident liglit TliiB givea 

i_± = _,._„(i+^).. 

J _ repreeents the vergency of Ihe roftacled pendl, «i 
that of the inciJunt pencil, and — 

coDslant, fbr UlB same leaa, wq infer thai tbe dircrgtney iiMf 
or cimvfrgency prudueeJ, by Uaa Jens, is a cmulnnl ipia\ '''' 

(G2.) Forparo/IeJ raya, — ^ d, and 

J-_-(i,.-l)(i +-i) (36). 

In the idrncting mcdiu of which lenses ajte made, n 

this vatuE of — IB negative : hence tJie Ibcoa Upb behind Ibt VH|1 



If tlio IciB la of glara, m = -g- , nnd . — — — = 2, \ 
arr' 
"'^ r+r" 
corrcapunding In tlie rule given in Iho leit (pago 4S). 
If the glnsa in equally eonvci, r = r', and 



•^i 



(1)3.) The principal liical (lisbuier may servo us a oonvaiw 
teriij nf comparimn for (he focal distances of diverging and n 
veiling rays. Denoting it by/, we have the yiUno of/ given I 

(37), and of -p- by (3li), anbetHuting in (3S) — for its eqool ; B 



J 



L. _. 3. 

W (64) Dmerging rays. Equation (38) applies to this case. 

n<om that equation it appears that for the same lens, the 
■^vgency of the rejQracted rays f — \ is less than the divergency 

?^ the incident rays f — 1 by a constant quantity |— , | de- 

ijanding upon the index of refraction of the material of the lens, 
and upon the curvature of its surfaces. 

If tf >/ C/Eff. 29., p. 43), — < _-. , and — is negative, or 

u f V 

Ae rays are brought to a &cus. The reciprocal of the &cal dis- 
tanoe 18, firom .(38), 



V \f u/ 



Since < — , — < — ,or »>/, and the focus 

ii firther fiom the lens than the principal focus. As the radiant 

point approaches the lens, — increases, and, of course, — , or 

u V 

, diminishes, or v increases : that is, as the radiant point 

approaches the lens, the focus recedes, and vice versa. 

When tt = 2/, J- = — ^ J L^ = — _L , and » = 

•^ V \f 2// 2f' 

— 2f. The focus is as far firom the lens as the radiant point 
If the rays proceed firom a point as far fix>m the lens as the prin- 

opal focus (as firom O', fig. 29.), u =/, and — = 0; the re- 

ftacted rays are parallel. 
The radiant pomt being still auppoaed to approach the lens, we 

httfe « </, or — >-— ; t-iOT — »ia then positive, 

u f u f V 

and the rays are no longer brought to a focus. 

(65.) Equation (35) will give the value of the focal distance for 
diverging rays : to determine this, transpose — and bring the 

terms on the right-hand side of the equation to a common denomi- 
nator, whence, 

i_= iT'-t.(m-l)(r + .„^ 
V uri* 



40 DOUBLE CONVEX LENS. 

urr^ 

'^ "■ rr' — ti (m — 1 ) (r 4. O ' 
or f^hw^y^g the sign to correspond to a real focus, to whichitj 
have fbond the rays to be brought as long as u >/, 

urr' 

*"""ti(m — IXr + r') — jy' 

3 •! 

For a gla88 lens, m = --- , and m — 1= 1—. ; whence, 



u(r 4-0— Srr' 



(40). 



This value of o gives the ride found in art 45, of the texL Tfat { 
arithmetical operation thrare directed is changed for the snbtnetiai 

otu(r -\.r^ from Siy, when 2rr' > u (r -^ r^), ot u < p, 

or tf </; the algebraic expression shows by its change of sign, in 
that case, that the focus is miaginary. 

If r = r\ or the lens is equally convex, (40) becomes 

2ttf3 _ 
9 =s >— 9 or, 

2ur — 2ra 



ti — r 
agreeing with the rule just referred to. 

(66.) For converging rays &lling upon a double convex lens, we 
make , in equations (35) and (38), negative, whence. 



tt 



± = -LL+(.m-l)(±.+ ±.y\ (41).ima 

-i-'=-(i+V) »''• 

The sign of — being always negative, whatever be the rela< 

v 

tion of « and /, the focus is always real Since 1 > 

. , the oonvergency of the rays is increased by refraction. 
u 

3 
Taking the value of v from (41), and making, in it, m = --- 1 

as was done in the case of diverging rays in the last article, wc 
find for a glass lens. 






KiLF. m. REFRACTION. i k. f T \ ^ / 41 *- 

„ = : W__ ^43) 

u (r + O 4- iir/ 
FVmt a gf2as5 lens equally convex^ we have, 

. = ^ (44). 

These values for the focal distance give the rules on p. 44, of the 

(67). In what precedes, we have neglected the thickness of the 
ens, and next proceed to show how a correction, fiir the elSect of 
iie thickness, may- be introduced, 

Pkop. XVII. 7b show the method of applying^ to ihe approximate 
focal length found for a douUe convex tens^ a correction for (Ae 
^ect ofSie Viickneas, 

As an example, let us take the case of parallel rays falling upon 
file lens. Ek][uation (29) is applied to this case by making r nega. 
tive, whence, 

J_=_L_(„_1)(J_+ l)_J?i (45). 

And £br parallel rays, for which — = o, 

T = -(-^>(t+1)-S (4^. 

Equation (26) adapted to the case of a convex surface, gives, 

m 1 m — 1 

u' u r 

and for parallel rays, 

** = — ULlll , whence, 



« 



ti' r 



m _ (m — 1)^ 



m 



Substituting this value of J^ in (46), we have, 



tt 



'a 



— = — (m — 1)1 — + —T-f 3 ' ' 



1 1 (m — 1)2* 



(47). 



V f mr^ 

To determine from this equation the correction to be applied to 
tiie focal length, v, we reduce the terms of the second member to 
a common denominator, whence, 
D2 



42 COHHECTION FOR TIIICK>'ESS. SPHERE. APPEXI 

1 ^ mr^4-(m~l)7£ ^^^ 
o Mir-/ 

t/ir^/ 



» = 



wiH -f (wi — l)-/it 



(m — l)y3< 



mr^ + (m — 1) V< 
Dividing, and neglecting the terms containing powers 
higher thui the first, 

.+/=(!lLz:^ (48). 

the oorreetion which is to be applied to the focal distance obt 
by eqnatioo (37). 

When the lens is equiconvex and of glass^ we find (art 63] 
/ =: — r, to which a correction, 

^ + J — 3 „a — 8*1 

is to be applied. The sign of the correction is contrary U 
of the fiical distance, and the efi^ect is therefore subtractive. 
QQCieeted focal length is 

»=- — «' + it. 
(6S.) The method which has just been shown gives, at 
only an apfxozimate value of the focal distance, which, liov 
if sufficiently accurate for all cases in whicli tlic thickness 
not h««r a considerable relation to the focal distance. In tlic 
of a ifihcrc used as a lens, tlie thickness is too considerable t 
ihc method of correction already exhibited. 

•fifi.^ riop. XVIII. To Jind the focal length of a spher 

Tbr «ip?aMtion that the rays are parallel simplifies the que 
^HUivsi htcwting much firom its utility. Since — = o, cqua 

rSf sue *^ become, by making r negative, 

m m — 1 

"17 = — (49), and 

1 m m — 1 

(50). 



^w.t^-<«4tfc^ ' ^^11 r = /; and (50) gives 

" "» — 1 . « 

^ 5 2 — » but from (49), 



« » '..'r 
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K* =s , whence 

m — 1 

- . ft o mr 2mr — 2r — tnr 

»' + 2r = '""-f ="<"'-^>. 
m>— 1 m — 1 

Bnbirtitntiiig this value of u' -f 2r in (50), 

1 m (m — 1) m — 1 
o ** r(m — 2) . ~^'°' 

^ _ m(m — 1) — (m— ■l)(m— 2) _ (m — l)(m — m.|- 2) 

o r(m— 2) "" r(m — 2) 

tad 

1 2(m — 1) ^ 

— = — T ^, whence 

© r(iii — 2) 

^^ r(m — 2) 
2 (m — 1) ' 

Tlie value jtnt finind is tlie distance of the focus from the second 
■nrftoe ; call / the distance from tlie centre, then 

f-.« >- '•(m-2) 
or, faringing to a common denominator and reducing, 

/ = -2^^ («!>• 

The role on page 40 of the text, is given by the value of/ just 

Iftherefiracting sphere be of to&a«Aeer,m=:1.11145,and/= — 5r, 
of ooone FQ (fig. 36, text,) s — 4r. If the sphere be of water, 
««1.3358and/s= — 2r nearly, or FQ (fig. 26) = — r. For a 
fhote of glass, m = 1.5, / = — l^r, and jFY2 = — Jr. For a 
tfbiete of zircon, m == 2, / = — r, and fXJ &= o. 

(70.) Retominff to the discussion of the fimnula for the refracted 
Deneil when the kns is indefinitely thin, wo take up the case next 
in order. 

Prop. 3CIX. 7b determine the form of a imaU pencil after re. 
f ruction by a planoconvex lens* 

Am in other discussions, the refiractive power of the substance 
yf the lens is assumed to exceed that of the medium traversed by 
he incident pencil; or m > 1. 
' The question obviously indndes two cases; in the one, the 
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pbne side is turned towards incident light, in the other the comi 
side is thus directed. 

(71.) First: when the fiane side is turned to incident rayi^ 
• — =: 1 whence from (28), 

±-± = -VL=l (5SS). 

V u r 

From this we infer, that the divergency destroyed, or conoargeneif 
produced, by this lens, is a constant quantity, as in the &a\m 
convex lens (art 61), but the effect is less than in that lens by 

m — 1 

, the power of the first surface ; it is not necessary, there- 
fore, to cany out the discussion of the properties of this lens. Then 
will be no correction for thickness, fiir parallel rays, no refraction 
being produced by the first sur&ce. This b shown by the analysis, 

the term -j^ (in 29) vanishing, since from (26), — 7 =: o . 

The principal focal distance given by making — = in (52), 

tc 

and inverting, is 

For a glass lens, 

/ = -2r' 

(72.) Second : when the convex side is turned to incident light, 
—y =1 0, and r is negative ; from (28), 



r 

1 1 m — 1 



(53). 



V u r 

The effect is, as in the first case, to destroy divergency in the 
incident pencil, or to produce, or increase, convergency; and if we 
suppose r = r\ that is, the same lens to be used m both cases, the 
effect produced is the same. 

For the principal focal distance, 

/ = - 



m — 1 ' 

and for a glass lens, 

/=— 2r. 

(73.) The tliickness of the lens produces in this case an efiect 
on the principal focal lengtli, since the rays refracted by the first 
surface fidl obliquely upon the second. 
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\,^ Tb mtrodnoe the correction into the value of the principd focal 
*' ' we recur to equations (36) and (27) ; making, in these* 

*n^ negithre, — ^ s= a, and — = o, we obtain, 

" ""^ (54), 



tt r 

1 m 



ThBfilne of ^ fiom (54), is 



(55). 



tt' BB , and 

m — 1 



m •— 1 \wi — X III / 



9 =s 



m 
ind jwihiititnting for tt' + t the value just found, 

••»--^+-^ (56). 

Tbe oorreeCion, therefore, shortens the approximate focal length of 
die lens bj — th part of its thickness ; if the lens be of glass, 

» = — 2r 4- f «, or, ^ 

' © s= — (2r — ft). 

(74.) Fkop. XX, 7b (lefermtne f A« form of a tmaU pencil, after 
r^rmeHian hy a double concave lene. 

In thk form the radius of the first surface is positive, that of tbe 
■eoond negative. When the thickness of the lens may be neglect- 
ed, we have from (28), 

i.-i. = („_l)(l + ^) (57), 

and where an approximate value of the thickness may be used, 
ftom ^9») 

in which tt' is determined fit>m equation (26), or 

JIJ. = -L + !!Llll (59> 

tt' tt r 



! ooKCiVB le;<s. 



"(t^v) 



Tbieialoe being ponitiYe, tbe fbcna ia ima^Dar;, and ali.( 
expreBBcd b; the product of tbe ritdii divided by the ic 
relraclioa, leas one, inlD tlic sum of tiie radlL The mlc M 
responda lo that lor a double convci Ivaa ; in fiiBt, cqnaUiHii (iV 
■nd (3Tj, dilfcr onlj in their aigu. 



C76.) Dietrging rays. Ia this ■ 



1 



fore, as long- Ba m > 1, Ihe value of r, from equation (57), wiC 
alwaya be poaitiva and tlie locus imnginary ; sinco 

4=4 + ("-'i(4 + 4) '"'■ 

It appMTS Oat ■ — >- — , or the divergency of liie rays ia ino 
Bd by Iho rofroclion, (fig. 33, leri.) 
In Q glasa Icna, 

4=4 + 4(4+4)- 



■■ + u [r + r-) • 



wtienca the rule on paga 43 of Ibe 

(77.) When the rays converge, — ia ncgativE, nnd (57) 

~ = -^ +C™-l)(-^ + -J) (61 

The pencil still converges, ii rendered parallel, or divergei, U 
cording lo the celalioD between — and (m — I) f \- ~\, 

its equal — -. If__^-^oru>/, — is poaitive, and t 

rays still converge; if — = — r , or u — /, — = d, and I] 
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ftacted rays are parallel; if — > -j-,oru </, — is nega- 

re, and the rays are brought to a focus. This real focus is as far 

ihind the lens, as the virtual focus of parallel rays is in front of 

/ 1 2 ^ ,, 1,1 1 

► if tt = -^, or — = y 5 for then -_+--. = —--., 

iid V SB» -» /: the distance exceeds that just named if u > -~, 

rheok we shall have — < -7- and 1 — 7- < j- , or 

-— < ;- and t) > — f: the reverse will of course be true if 

I^ as was first supposed, u > / or — <--r, though the rays 

till converge after refraction, they converge less than before it, for 

1.1 1 

» / / 

We shall not introduce the correcticm for thickness, as it would 
ke determined by the same method with that for the double convex 
ens. Practically the thickness of double concave lenses is of little 
mportanoe, since it is least at the central parts. 

78.) Prof. XXI. To determine the form of a smaU pencil of rays, 
after refraction by a jUano-eoncave lens. 

First When the concave side is turned to incident rays, — =s 

S and r is positive ; equation (28) gives 
1 1 _ (m — 1) 



(62). 



V u r 
The divergency produced by this lens is, therefore, less than 

hat produced by a double concave lens, by ^^ ^ , the effect of 

iie second surface. 
Second. When the plane side is towards incident light Then 

— = 0* and / is negative, whence, 

r 

. -L-i-^C"-^) (63), 

V u r' 

OLgreeing with the expression found above, if the lens is the same 
b each case, or r s r'. 

(79.) The next fonn to be considered is the meniscus. 



48 MENISCUS.— CONCAVO-CONYEX LENS. AFFENOa 

FjKOP. XXIL 7b determine the form of a small pencil of light ^ 
refraction hy a meniscua. 

When the convex side o£ the meniscus is tamed towards iod 
dent light, tiie signs of both r and r' are negative. The geneni 
fiHrmak (28) gives 

— -.i-=-(m-l)(i \j) (64), 

» tt \ r r / 

in which, by the nature of this lens, r' > r, or — _ ^ — . 

r r 

From this relation of — - and — it Mows, that — » — 

r r r t 

is a positive quantity, and therefore the sign of the right hand w. 
of this equation is negative. The equation corresponds to that fi 
the double convex lens (35), but the divergency destroyed by the m 

niscus is (m — 1) I \ , while that by the double oonvc 

lens was (m — 1) l-Z — | — L\ . The power of the memm 

is the difference between the powers of its two surfaces. 

(80.) When the concavity of the mAiiscus is turned to incidei 

light, r and r' are positive, and r > r', or — ^ . 

r / 

Equation (28) applies directly to this case, and 

— - — = - (m-1) (4- - — ) (65). 

V u \ r r / 

Since — < — , is a positive quantity, hence - 

r r^ r' r 

is negative. Equations (65) and (64) are identical, tl 

u 

surface which first received the incident rays in the case of (fri 
being now the second surface. 

(81.) For the focus of parallel rays, we have, from (64), 

/= i-T- -^- (66). 

m — 1 r — r 

(82.) The formulas just found for the meniscus apply to the m 
cavo-convex lens, recollecting that when the convexity is turned 
incident light r > r\ and the reverse, r' > r, when the concavil 
is thus turned. 
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For the first of these cases we have (64), 

A_i= _(„_!) (JL_1) (64). 

which, since < —g. , will be more ezpressive if written 

r r 

•1 i-= (m-1) (JL^L) (67). 

The second member of this equation is positive, and by referring 
to- the case of the double concave lens (art 74), we shall find that 
oonvergencj destroyed by the concavo-convex l^is is the d^er- 
€fthe effects of its ttoo surfaces, while in the double concave 
it was the sum of the same efiects. 
It is obvious that turnings the concave side of this lens to inci- 
dent liffht does not alter the efiect of the lens, as was shown in the 
case of the meniscus. 

The virtual focal length of the concavo-convex lens for parallel 
nys, when the convex side of the lens is turned to the mcident 
pencil, is 

/= -i-^.-HL (68). 

m — 1 r — r 

(83). For two spherical surfaces of the same curvature, we have 
r=sr^j and (28) gives 

V u 

The effect is that of a plane glass. 



£ 



CHAP.rV. 

FOUUTION OP HAGBS BY KBrKACTIOI). 

{M.) TIm nlnect at llie ftmutktt cf innga I7 kna bMD 
abnple, bj intiodDiaw the emddBnlini of tbs i«j whkh p* 
lliniD|^ du twoni&CB* of fln bni^ itpainta wfaoe tlieting 




In tho ftgnre, let A£ be a, nj, re&HCted by the Grsl niift 
the lena MN into £L', and findly cmcrgmg in Ok diredioD 
pu-ollel to RL. Produce LL' until it inlenecti tbe aiia ortbi 
In O, Since, by hypothesis, the tan^nts at the points L ai 
arc parallel, tho lodil CL and fTL' are sIbo paraUel, and It 
angka COL and COf are dmilar. Whence, 
00 : CO :: CL : CL, or, 



CC= CO~CO=CO.r:^~\\. 

Calline CZ. = r, Ci.' = r', the IhickneBB of the lena = 1 
CO = u', wo bare 
CC~^CV—CV=CV— VV — CV=f' — t — T, 
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t'^r — tzz^u* . i— — A , or, 

tt'=r — t.—iL. (69). 

r — r 

This vahie of CO is made up of quantities, constant ftr the 
■mie lens ; from which we infer, that all the rays which experience 
m9 demotion in passing through a lena, toouid, ^produced after tAe 
JSrti refraction, meet in a single point in the axis of the lens, 

Tiua point is called the eetOre of the lens. 

(85.) The distance of the centre of a hns from the vertex of the 
Jirst surface is found, readily, from equation (69) ; for, since VO = 
C V — bo s=r — u', we have, by taking the value of u' from 
C€9) and calling r — u\ x. 



•/ i 



x=:r — u'«<.-J_- (70). , .. : 

r — r ' / 

The distance from the centre of a lens to the vertex of its first 
sorfiice, is equal to the thickness of the lens, multiplied by the ra- 
dius of that sur&ce, and divided by the difference of the radii of 
the two surfaces. 

In the double convex lens, r is negative and r' positive, whence, 

X = ii_ . 

1^ ^r 

The fflgn of {x) VO shows that, in this case, it lies on the right- 

hand side of the vertex. Since is a fraction, a; < f , the 

r' ^r 

centre is therefore between the two surfaces. 

In the equiconvex lens r s= r, and ^ / 

X — — ' 

The centre is inidway between the vertices. It is from this cir- 
cumstanoe that toe point, which we have defined, derives its name. 
The same remarks apply to the double concave lens, since for that 
lens r is positive and / negative, whence, 

rt 

X = . , 

r' + r 
the same expression which we have above. 

(86.) To use the position of the centre of the lens, in de- 
termining the image formed by an object, we observe, that ooe 



5d 
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ray of the pencil, which proceeds from every point of fli{ 
object to the lens, passes fhrongh this centre. Tdib ray is odkl 
the principal ray or axis of the pencil, and when the lens is tfak ' 
may be regarded as suflfering no reflation. It does not &n p» 
pendicularly, nor nearly so, upon the surface which it meeti, and^ 
therefore, in strictness, the refraction of an oblique pencil sfaooU 
be investigated and applied to this case. Approzimale results nmf, 
however, be obtained, by taking the focal distance already deto* 
mined for a direct pencil ; this distance heaim found, for the pendl 
proceeding from eaeh point of the object, we Eave a aerieB of pointi^ 
the assemUage of which OMistitutes the image. An apfdicaliai 
of this method is given in the following propontuou 

(87.) Prop. XXIV. The object^ of whieh the image by a convex km 
is rehired, U a plane perpendicular to the axi» of the lent. 

tIg.Q. 




Let AB represent a section of the object, MM that of a douUe 
convex lens, PC a line drawn from any poiiut in the object throogfa 
the centre, C, of the lens ; this line may be regarded as the axis 
of a pencil of rays proceeding from P, and may, farther, be coo- 
sidered to suffer no refraction. Call a the distance DC; u, PC; 
and the angle DCP : we have from the triangle DCP^ 

a = v. . cos , whence 



u 



cos d 



but from equation (38), article 63, 

— = — "^ — T- (38), 

V u f ' 

or substituting for — its value just found, 

4-=^'-4 (71). 

V a f 

Tlie polar equation of a conic section referred to the focus. 



- ■ :u 



J 



/ i 



i 
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I' Fram this equaHon, inferences mi^ht be drawn similar to those, 
i fmnd in tlie chapter on the formation of images by mirrors. 

i (88.) When the object mhtende a 9maU angle, we may consider 

.Hi MCtioo as a circular arc ; the image will to, also, a circolar arc, 

■■noe if tf is constant (38), v will be so ; and the arcs will, evidently, 

be amilar. If the distance of the object and image, respectively, 

from the centre of the lens, be called a and v, their magnitudes 

I i and d\ we shall have 

"ji" ^ "^ . • . • . (72) ; 
9 being assumed very small, equation (71) gives, making cos = 1, 

V af 

/— « 
this value of v substituted in (72), gives 



or 



(73). 



d f—a 

As long as a >>/, / — a is negative, and the image is reaL To 
■how the results of this case more clearly, put equation (73) under 
the form 

± L. 

d •" fl— /• 

If a > 2/*, a — /> / and -r- is afi*action,or the image is less 
than the object 
When a S3 2f , -^ a 1, the image is equal to the object 

For a < 2f, a — f<f, and the image is larger than tlie 
object 

The object stiU approaching the lens when a = /, — = oo , 

and no image is formed. 

Next, if a </, equation (73) gives for 

J- f 

d " f--a' 

a positive value, and the image is now a virtual one, on the same 
side of the lens with the object It is greater than the object until 
/ — as=/, or a = o, that is, until the object touches the lens. 

Since the rays cross at tlie centre of the lens, it is evident 
that when the object and imago ore on the same side of the lens, 
or the image is virtual, tlic latter is erect ; when on different sidesy 
E2 
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it is infcrtBd. Tlie sign (rf* —«therefi)re, determines whether 

iwage win be erect or inverted with reepect to the object, the p 
tive sign conespoodingr to an erect image, tbe nq^atife to 
inverted one. 

(d9.) For the dambU concave Un$ fioin (57),«KiBfe 76, 
It c- t^ w-< ,/> ± =i_ 4.JL 

• ' Wheferwe derive, by fillovrfng the nme prooees as for the 
vex lens, 

; » . + / ' ~j- I'- ■ 

' df f -: ^ Jf ' 

T-f+T' - 

an expression which is always positive, and a firaction : hena 
image formed by a concave lens is on the same side of the 
with the object, erect, and less than the object 

We have spoken only of sections of the object, image, and 
the remarks made in the chapter on the fbrmaticm of image 
mirrors, (CSiap. 11^ art 37,) apply equally to this case. 

(90.) Having fomid an expression for the ratio of the li 
magnitudes of an object and its image formed by a double co 
lens, if we would view this image at the distance of distinct \'i 
(pp. 48 and 49, text,) the apparent magnitude will be incrc 
in the ratio of the distance of the object from the eye, to tlie 
of distinct vision. Let 5' express the former distance, 6 the L 
the magnifying power of a convex lens used as above dcscr 
wiU Ix) expressed by 

where / is the focal length, and a the distance of the object 
the lens. 



t 
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SPHSaiCAL ABEBKATION OP MIRRORS AND LENSBB. 

&ct U Btated iLst the ra^ 
ft distance from the noB, 
e DOL conTGrged to the Home point, with those neajer to the axIe. 
bin ia illuHtrH.tGd in the Niinexed fifurCi in which liM, LM ore the 
tremo rnys of a pencil diverging from L, and F' ia the point on 
e aria at which the reflected raj» JHf", MF' meet ; IM\ LM' 
e two raja meeting the minor near lo its vertex D, tha fbcoB of 
B reflected iif b M'P and JIf 'i' being at F. 
PIg.B. 



FF" it the abemtloD in length, oi limgilvdinal abermtioii, oT 
: reflected pencil, and if from F a perpendicnlar lo the a^cia be 
iwn meeting the reflected ray MF in I, FI wiU be half the 
enation in breadth, or laltral ahcrratiim of the same pencil 

I.) Pkof. XXV. To deUrraine Iht aberration of a pencil of rajrt 

rtJlfcUd by a tplurieal mirrm: 

RST : To linit the amount of the Itmgiludinat abenation. 

With Iho centre L and radius LM deacribe an arc cutting the 

ia of tlio mirror in E. According to the naual notation LB = u, 

9 = r ; to distinguish between DP' and DF, call DF' = if 

d DF =] V, and let MN = y, the eemi.brcadth of the portioo of 

I mirror occupied by the pcnciL 

TEic relation of the ecgmenta CP and LC to the aidci PVand 

If in the triooglc LUF, gives (bb in Paor. L), 

FC __ I£^ 

FM LM 



once ND m (he versed sine of the arc MD to the radius CD,)^ 


'^-'r. 




ib. the «me rtauna JVB = g , or, «BiDg for LSf .!« »p;™ 


imW value LP, 




lfB = ^, whence. 


- = 4(l- 


i),„. 


- = .-^(- 


-4)' 


- = "['-t( 


f-^)] 


Taking Iho rpciproca) of tliis Vdluo of tE, Dnd negledine 


an, after -?1 we liavc, 
3h 






£(i-f)]- 


By a Bimilar mode of proceeding, 
and ND. inslcad of ND and JVE, « 


using tlic i-crscd unca 
c Bhould oblnin 


1 1 1 r 
FAT fH V- I 


fi(^-4-)] 


But F'C = r — »', and LC = h. 
valucB of FC, FM. £C and iM in 
ginning of lliis article, 


— r; and sulBliwUng 
Iho ratio found in Qh 


'-^b-&ii 


-v)] = 


= ^['+*(- 


f-v)]- 


^MMdini bv r uid jicrRiniiing tlic multiplicntionB bv llie qui 


■ -^-l-*(4 


-f)'=_^ 


^■-f-i^^(4 


'""i 


■ .- 


--J 
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e have thus a general relation between v' and ti in terms of 
iBdiuB and semi^perture of the mirror. 

<?3.) If in (75) we use for JL L , in the multipUer of l! , 

» r 2i)' 

■pprozimate value, derived from equation (1), art (7), namely, 

11 11 I.* • 
== , we obtam 

V r r u 

J^ _ _! _ y^ / J 1\^^ 

t/ r 2c' \ r u / 

= ±_J_+|l(l.__Ly,„r. 

r u 2u \ r u / 

'Either, hj using for f 1- _-.\ the value given by (1), 



2 

,or, 



— + — = — . 
V u r 

wad substituting this in the equation last found, 

i._J_ = J L + Jl(l J-V 

tf r r u r \ r u / 

^=±-i. + ji.(±-i.y (76). 

V r u r \ r u / 

In this equation, which gives the value of — -. , corresponding 

V 

to a point of incidence distant from the vertex, we find the recip- 
rocal of the approximate focal length, obtained when the rays were 

o 
supposed to meet the mirror near the tertex, namely, 

r 

, and a correction for aberration. This correction contains 

u 

J^ , a quantity proportional to the versed sine of the semi-angle 

of the pencil, and tiierefore dOTending upon this angle, or the semi- 
aperture of the mirror ; and also r, and u, the radius of the mirror 
and distance of the radiant point If these latter quantities are 
constant, the aberration is a function of the semi-aperture of the 
mirror. The ccnrection for aberration b additive, showing that 
the reciprocal of tlie focal length, for rays distant from the vertex, 
is greater tlian the reciprocal focal lengu of those near the vertex, 
or that the point F* b nearer to the mirror than F. 
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(94.) For paraUd rays — z= o, and from equation (76), 

Iv 

—r= — + -^ . whence, 
V r ri, 



»' = 



r3 



2ra 4- ya * 

perfiirming the division, and neglecting the powen of y higbi 
than the second. 

The correeftofi for aberration w, therefore, — -^ , or — ^T"**' 

4r of 

siiitrac^ive, ami ejicaZ to the square of the semuaperture tfii 
mirror divided by eight times the principal focal length, 

(95.) Sbcond : To find the lateral aberration of the extreme n 

The value of JF7, vehich measures the lateral aberration oft! 
extreme ray, may be obtained as follows. In the similar triangl 
F'FI and F'MN , 

^=.J!^,sndFj=FP.J!£L. 

Fr rN rN 

To approximate to the ratio •=— - « F'D may be taken instead 

F'N 

F^N, and the value of the aberration is 

pt'-pp'-^ ('■8)> 

in which all the terms are known when FF has been determin 

(96.) We propose in this article to determine the position e 
magnitude of the physical focus of a mirror, or of the circle wh 
includes all the rays of a reflected pencil, when they are spn 
over the least space. 

Prop. XXVI. To determine the position and magnitvde of the < 
cLe of hast aberratum, in a pencil of rays reflected by a cond 
mirror. 

In the figure let LM be the extreme ray of a pencil, incid 
upon the mirror, MF' the corresponding reflected ray, F the fo 
of rays very near the vertex. Farther, let; LP be any incid 
ray, in the lower portion of the pencil ; PR the corresponding 
fleeted ray intersecting MF' produced in c : draw cb perpendicu 
to the axis, firom the point c. If we suppose tlie arc DP very sm 
the reflected ray PR will coincide very nearly with the axis, s 
the distance cb will be indefinitely small ; as the arc DP increas 
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reflected nyB being removed fiurther firom the axiiB,' eh, at firat, 
eases ; it afterward diminishes as the point of intersection of 
with the axis approaches to F\ and when DP s DM, PR 
cides with PF', and ch vanities. Between the case, ihea, in 
ch DP is very small and DP s= DM, there is a position ot 
incident ray LP, for which the reflected ray PR gives a mazi- 
Q value for eb When c& is a majdmum, all the rays of the 




cted pencil pass through the circle of which that line is the 
OS, which is, thus, the physical focus of the mirror. The 
lion resolves itself into determining the values of JP^ and eb 
a the latter is a maximum. 

dl MN, y ; PT, i/; DF,v', DF', t/ ; FF', the longitudinal 
ration, a ; F'h = x; be = z. Since (art 93) the aberration 
ray is proportional to the square of the distance of its point 
icidence, from the axis of the mirror, 

FR : FF' : : PT^ : MN^ : : y'a : y^ , or 

FF' — JPjR : FJF" : : y2 — y's : y* , whenee 



FR^a. 



y' 



firom the similar triangles F'be and FNM, 
beibF::MN:FN,m 

he^hF.^. 

FN 

firom the similar triangles Rbe and RTF 
RbibeiiRT: TP, or 

Rb^he. — ; 
TP 

titoUng for be in this ezprenkm the valuo found abo?e, 



«4. 
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MN RT 



and by the notation, 






If we approximate, by considering RT and 'F'N to be ( 

J2& s= £ . -^ , and 

Equating this value of PR with the one before found, 
9 . ?L±Jl = a . ^ ~"^ , whence 



y y^ 



y^ y + y' 



2 

,or 



As we hai« supposed the ray LM to remain fixed, and L. 
different positions, and have found, 

he (or z) will be a maximum when bF (or x) is a maxiir 
from (79), j; is a maximum, since a and y are consta 
y' (y — 2^) is a maximum, or when 

y' (y — y') = y'2, or 



^ 2 



In that case, from (79), 



__ «y _ « 



X = JIZ— = Jl. (80), and, 

4y'^ 4 

z = X ^^ — _^ i^^^' 

"~ * FN ~ 4 ■ "fF * 

If a perpendicular, F/, be drawn from the focus F, of 
cident near the vertex, to the axis, meeting the extreme 
in /, by article (95), 

MN __ FI 

FN "■ FF' 

whence the value of Zy or — . , becomes 

4 FN 

z^IL (81). 



SFHERICU ABEBItATION. 
n Ume tbIubs, (80) and (81]', oF x and je, 

'' 'le cirflii nf ttait obtrretiBti, /ran lae jocua aj rayt 
x,it tbnifoarlla i>f tht longitudinal alienatiBa afthe 
« ray, and that Vie radiut of the lamt circle ia one fminh 
m lateral aberratiaa of the extreme ray. 

Spherical Aberratioii qf Lenses. 

_ IT.) In this inrestigntiati we begin by determining the aborra. 
n produced by a single eurrace. Wo slioll assume ths ligbt (o 

U first BUrlace. 




Let tha my RL foil upon tho Bpbcncal EurTacc £ V at any point 
L, and bo rofrnctcd into the direction LM. Continue LM until it 
interaccta tlu: axis of tho surface, at F, Draw the radius CL, 
Call m the ratio of the sine of iucidence to that of refraction, in 
the pnssBgi) of the ray Irom the rarer to the denaer medium, the 
•jrte of rcfroetioa being uuily ; then, by proceeding as iti article 



relind 



RC 



FC 



From the centres fl and F with the radii RL and FL, reipec 
lively, deecribc (he area i^ and £ 7 cutting the ajds ill fond T; 
SV wilt bo the diflbrencc between RV and RL, and TV that 
between FV and FL. If the perpendieidiLr LN be let (all, &am 



t',SF= JVV — JVS-, a. 



I TV= NV— NT. 



Am in the notation of Chap. III., M RV = u. FF = a', CV = 
and call LIf, y. NS is tho veraed aino of th.e arc LS. NT at' LT, 
and WKof LV; and if for the chord of each of llvav urea we 
■ubatitutc, na an approzimato value, the sine, wc haiu 



SIITOtE BFaXBlCAL 



TV= NV—NT 

From lliCBO viJucs of SV and TV we obtain, 



= FV^TV = 



2CV 
IT BL and FL, the approiinute voIikb I 

NT = J^ , NV = J1- , wbei 

W — flS^: 4- (-^ ^V"d 

K we obtain, 

Tskiog the reci{ffDca]a of RL unA FL, that is diiiding n 
(be values just Ibiuid for Ihoee lines, and neglecting tbe tcrmi 
involve the quotients of the powers of j' by those of u, a 

From the figure we have RC= RV—CV=u — 
FC = FV — CV = u' — T, and the equetion for the rcis 
SC, RL, FC and FL, tecomea 

Peribrming the divisions bj u and u', indicated by the te 
(be equation, and dividing both sides of the equation by r, 

(v-v)['+4(T-^)fl = 



EAV-T. 



=-(f-4->f-4(4-i->fl 



jiuihuu 

112 



± — j-_ ±.i- — —)-?: = 



i=i-+ 



[v(4-i)-4r(i-i^*J - 



In 




bi order toredooet wkk gRoler cmfciuaHCi tnc ahdi 

!. in (89) to its ■iifkit firm, edl tfait OHftEaott Ic, tin m^ 

toting in it fte N1«ii«-«e «to rf -^ «d (± _ -I,)* 
rt obtained, we haTO, 
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AFnonnxi 



2CV 
or Bubstitatiiig fi)r iLL and FA the approziiiiBte values RVuA 



NS=:JL 

2u 



NT = 



2tt' 



AY = JL — fidwnoe, 
2r 



firF= J^-.JV»= ill /J LVwd 

2 \r uf 

2 V r tt' / 



and 



From these values of SV and TF we obtain, 

2 V r tt / 

Taking the reciprocals of RL and FL, that is dividing unitj by 
the values just found for those lines, and neglecting the terms which 
involve the quotients of the powers of y^ by those of u, after the 

_i^ — A , we have 
2uV 

1 



RL 

1 

FL 



wL ti\r tt/2J 

tt' L ti' V r tt' / 2 J 



From the figure we have RC = RV — CV =. u — r, and 
FC = FV —CV=u' — r, and the equation for the relation of 
RC, RL, FC and FL, becomes 



tt 



tt 



= m 



tt' 



/ L u' V r ttV 2 J 



Performing the divisions by u and u', indicated by the terms of 
the equation, and dividing both sides of the equation by r. 



5r "*" lOr/ J ' 7» ' 2f ' 

9 L ^ Vs ^ 20/ Vs ^ 10/ J 73 / 

riiis if the aae of an tmequally convex lens, in wliicfa the more 
ivez aide if tamed to incident light 

JOB.) In the pUno-eonvex lena, if Hie plane aide be turned 

narda parallel raya, — = 0, and / = Sy ; if the material be 

r 
3 
88, n = ^_. , and from (90) we obtain 



a^4.5^ r= A.St, 
f 

nw teanlt given in paragraph 1, page 53, of the text 
[n the aame lena, with the convex aide tamed to parallel raya, 
= a, and /cs 3r, whence from (90), r and / having already 
Q made negative, 



a 



^L\i+ ±.±18.11 
9 1^4 4j / 



« = i.i7JL = i.n.t 
/ 

rhe result stated in paragraph 2, page 53, of tiie text 

7.) Pnop. XXX. 7b determine the rath of ihfi radii of the eup- 
•aee$ tf a double convex lens, which shaU produce the (eaet aher- 
trtion, mth a given focal length and aperture. 

To Bolve this question we must determine the ratio of r and /» 
en a is a minimum, / and y being conatant 

KifereDtiating the value of a given in (90), considering r and 
m variable, and disre^farding the constant multipliers, we obtain, 
^ ' * all the signs. 



Mtnnging 
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OJUKBB OF no MSESMATlOn* 



' = (f-T)-[i(T+'-'>f)-T] 



'=(7-T)'(f-^) 

whence (83) becomes 



m— 1 



IT"" T*^ 
m 4.1 



m— 1 



m — 1 



(f-^)(T-T)i^ 



(83). 



(99.) When the sur&ee is ccniTez, r is ne^tive, and (83) takes 
the form, 

m 1 m — 1 m — 1 

•''"'11 ""r "" w* 



(f *H^■^^* f )•• f 



(84). 



And fyt ooRYergixig nya, u being negative, 

m ^ 1 wi — 1 m — 1 
«' u r "" III* 

TO -I- 1^ 



Vr tt / Vr u/ 2 



(85). 



The term in (85) which contains the correction for aberratiim, will 
vanish if either of the factors composing it should be equal to zero. 

First, let 

i-«j!l±l=o,theni!LdLl = J_,or, 
r tt u r 

1 : r : : fR -{. 1 : .tt. 

There is, therefere, no aberration for converging rajs, fiiOing 
upon a convex spherical surface, when the distance of the radiant 
point is a fourth proportional to 1, r, and m -f 1. From whence 
the result on page 56, of the text, is easily deduced. \ 

Next, let ^ 

= 0, and tt = r, 

r tt 

or the incident rays converge to the centre of the spherical surftoe. 

(100.) In art 42, it was remarked that making m tss — 1 in 
the formulsB for refraction, the cases would represent the cor- 
responding ones in reflexion. Making m ss -*- 1 in (83) we have. 



AP. V« SPHERICAL ABBSHATION. 

_ 1 __ i___2^_ 2 
u u r 

v! r 

ssult which agrees with equation (76), art. 93. 
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tt r \r tt / 



1.) Prop. XXVIIL To determine the aherration in a pencil of 
aya, after refraction by a spherical lent, 

Kg.h. 



36^ 



>71a: 




? being the radiant point of a pencil of rays fiJUng upon the 
I LVV'L\ let RL be the extreme ray of the pencil, and Rf the 
ual fbcoB of the extreme rays, after refiuction by the first* sur. 
s of the lens. If now we suppose a pencil to proceed fix>m R, 
sidered as in the denser medium, the extreme ray of this pencil, 
/, will be refiracted into the direction, L'M, which, if continued 
kward to F, will give the virtual focus of the extreme rays. 

Ls before, represent /{ F by ttf ■R' F by »', and CL by r ; fiu-ther, 
R:V=zv\ FV=z », C2/= r', and FF= t 

fy the preceding proposition (equation 83,) we have 

m 1 , m — 1 , m — 1 

= — H r 



tt 



u 



m' 



(|--?i)(f-v)'* 



(83). 



lie case of the second surface will correspond to that of the 
f if we consider F the radiant point, and K the virtual focus; 
ust be written in (83), for u, tf for tt', and r' for r ; we then 
lin 

m 1 , m — 1 , m — 1 



m- 



/ 1 m + l\ /I 1 \« y' 



or. 



P2 




06 SPHERICAL ABBRBATION OF LB1I8B8. 

1 HI m — 1 m — 1 

1 V r' m> 



{-¥-'-^)(T-^yi «' 



but v' s «' -u t, whenee J!L = , ^^ , perftmuDff the ixmm 

^ t/ tt' + t 

and neglecting the powers of t abo¥e the first, 

m m w< 

We may farther approximate to this vahie of — ~ * by scibBti- 



V 



tuting for , in the second member of the eqnatioo, its ap* 

projdmate value, firom (26), art 50, namely, 

7 u' m \ u r / 



in which the value of — t- • fi'ona (83), being written, 

t/ a r iiiXtt r/ 

m~l /J. _^ m-{-K /_! ]^\» ^1 

wi^Vr a/\r i*/2* 

By substituting for — , in equation (86), its value just found, 

v' 
we have 

5i[(-f-^)(f-i)'-(^-=^) 
•(^-l)"]-f <">■ 

We see, in tliis formula, first, the two terms which denote the 
reciprocal of the focal distance of an indefinitely small pencil ; 
second, the correction for thickness; and, in the last term, the 
correction fi>r aberration. 

(102.) The general formula, (87), becomes less complex, and 
gives results of considerable practical importance, when appUed to 
the case of parallel rays. 



ffl — 1 
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>. XXGL The incident rays beinf pardUd^ to determine ihe 
aherratioh of the pencil after refractSm by a epherical lene. 

In this case, — = o, and (87) becomes, 

'Si[^-(7-^)(7-Tn?- <"V 

The correction for thickness, contained in the second term, has 
already been separately considered, articles 55, 67, &«. ; we may 
therefore leave it out of the question here, making in (88) t = o. 
Parther, to approximate to the value of v, we may substitute fyr 

^ in the second member of the same equation, the approximate 

value _ , or (flt — 1) f _ j , obtained by making _ 

/ \ r r / u 

= in (28), art 51 
We have, then, from (88), 

or, taking the value of e, dividing by the denominator tlhis ftand, 
and neglecting the powers of/ higher than the second, 

/I lv«l y»/». 

'{--—) 1 ~^' 

the aberration in length, therefore, is represented by 

_ m — 1 r_l / 1 __ m -f 1 \ 

"" m^ Ir^ \7 f / 

(103.) To apply the formula just obtained, to a dovhle eam>ex 
lein, r and / (art 62,) must be made negative, whence 
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ABBBRATION OF 6LA88 IJEII8BS. 



y'f 



(90). 



I - 



This value of the aberratUm havingr the positive sign, whik tin I 
approximate fecal length has the negative sign, its effect on tbil 
fbctl length, for rays not near the vertex, is sabtractive ; diowiBffl 
that the focus of sach rays is nearer the lens, than the foeoiflr | "^ 
rays incident near the vertex. 

(104) For an equt-amoex^ fflau lens, r ss /, m b .^-, and/ 

3 
s=s r, disregardiiugr the sign, since / has already been mada n^gi- Iti 
• " - 1(90), 

1^ 



tive in (90) ; and from 



y«r« 



-» «» 



= l-D + » + x)*l-^ 



a = 



3 r 

If we suppose the beam of light to occupy the whole aperture 

of the lens, y becomes the semi-breadth, and y' = — . 2r 

nearly, or y^ ss rt, and t = 1^\ writing t for JL. in the value 

r r 

of a, just found, 

a = 1§^ 
the result stated in paragraph 3, page 53, of the text 

(105.) If m = — , and r it' i\ 2:5, or r' z= — r, we ha-^e 
2 2 

from (36), 

4- = -(m-l) (A + ±\ = «^ . ± ,and 
/ '\r ^ r't 10 r • 

^ 7 

Substituting these values of m, /, and/ in (90), recollecting 
that / has been already made negative in that equation, and that 
now its value is to be placed there without regard to the sign, it 
gives, 

9 Lr» ^ VSr ^ 2 lOr / 
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\Sr ^ lOr/ J 7» 2/ 

a = JLri + (i.+ ?5\.if- + -V1— •^. 

6 / 

TTiis if the cutd of an tmequally convex lens, in which the more 
Donvez aide is turned to incident light 

(106.) In the pUmo-convex lena, if Hie plane aide be torned 

lowarda parallel raya, — = o, and fssUr'; if the material be 

r 
3 
glaaa, m = ^ , and from (90) we obtain 

• = -rK-r+i)(7+^n^'f- 

a^4.$^ = A.St, 
f 

The tenilt given in paragraph 1, page 53, of the text 

In the fame lens, with the oonvex side tamed to parallel rays, 

JL = e, and / b 2r, whence from (90), r and / having afaready 

been made negative, 



a 



9 1^4 4j / 



« = i.i7JL = i.n.t 
/ 

The result stated in paragraph 2, page 53, of tiie text 

[107.) Pnop. XXX. 7b determine the ratio of thfi radii of the sufw 
faeee ef a double convex lenst which ehaU produce the (east aber- 
ration, with a given focal length and aperture. 

To solve this question we must determine the ratio of r and /» 
irhen a is a minimum, / and y being constant 

Bifiereotiating the value of a given in (90), considering r and 
/ as variable, and disre^farding the constant multipliers, we obtain, 
ifter changing all the signs. 
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But from equation (36), art 62, we have 

1 . =r .— . — , whence, by di£ferentiatiitf, 

r r m — 1 / ^ —^ 

j^ ^ 

SubttitoUng in (91) this value of _— , and dividing by ir 



^ _ '3 _ /JL^ , OT-f 1 \ 



a 



whi<^, by the question, is equal to lero. Multiplying by r' wt 
obtain 

-(^ + f)" <* 

From equation (36), disregarding the sign of/, 

JL=: ^ _L-.i- 
r m — l' / r' ' 

Substituting this value in (92), and arranging the terms 

J^ 6 3 2 2(m -I- 2) 

r'^ .(m-l)/t^ "^ (m--l)ya r'a ^3 

2(m + 1) 1 2 1_ _ 

/i ^a ^ ya -^<*' 



(93). 
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■od multiplicatianf 

= (—l—-9m-3\.±... 
Vm—l^ ) f 

q 

tiMleDS isof gkfli, orm = — , 

21 6 ^ 21 ^ 

r' / 6 •'' 

Inn (36) 

_J L=..? L -L — ii J- and 

/ '^ / 21 '/-tJ./' 

12 -^ 
■nparing together the vahies obtained ftr r and r', 

r : r' :: 1 : 6. 
\am lens is known to opticians as the eroited kns. With the 

s oonTex side tamed to parallel rays the aberration is — • ^ , 

ill is less than that for the plano-convex lens with the convex 
turned to parallel rays. 

08.) It would carry us beyond the limits of this Appendix, to 
ito the investigation of the aberration of combined IcDses. 

eSare leaving this subject we purpose to show a method by 
•h the surfiuses which reflect rays accurately to a point, may 
etermined. i 

p. XXXL 7b deUrmine the eurvaimre of the surface of a me- 
iiMi, 90 that rmf§ pasting into tt, from a rarer medium^ may he 
fracted to a point. 

Fig.M. 



s we have found a concave surfiuse to give only a virtual focus, 
irooeed, at onoe, to examine the case in which the surface of 
ienser medium is convex. Let R be the radiant point, RL a 
meeting the surface at L and refracted to F : let /•' be a point 
rer firom the vertex Ftfaan L, RL' being the incident and 



3 WITHOUT AaEEHiTIOPf. 



^K.£'^ the reft'iicteil my tot thig poioL Draw Ibe perpend 
^f Ifle and L'<lf npun Lbs inDideal anil refracted m^s AL' mi 
^K 'MspecUvt^ly- ZjA' wiQ be BeaTlj equal to the tncrement a 
r InJdent ray, nud iS to tjin decrement of the refracted njv^ 
pawing from the point L lo L'. Cull RL, a', and LF, — e'. Tl 
if /*' be supposed very "-■"• •" ' ' " — ''"' "">* '-^ — ''*i'- 



Iii tlic triimgle VLB,', . 
and in i'iS, -^'- = 



ir to L,LR= du'. and iS = </«'. 

1. flit 



Ooa. iSiZ.' B 

sin. incidence 
sin. refi-Bction 



rfr" 



■(31). 



the difitrential equation of the curva which, b^ 

the axis RF, will produce l]ia surftcc required. To iiilBEnilt,! 

AV = u, and FV = — B, the eomplcta integral of (94) will bi 

■«'-u = m(t'-t) (B6). 

(109.) If tlio inoiiieat raja bopaTollel, u' — u = Vil, Jig. N. 



If we put VJtf = -4 — I, (95) becomes 

A — I = in (d' — d), whence. 



in which c < 1 ; with thie (96) agrees in farin, and will be id 
i- = e = -?- , and v' d- = A, 



hA^tuting for m in the bccchhI of these liquations, its vahia 

thefirat, 

o" — c = j1, or b" = J + c. 
We find, then, that an fUifonid of which the aemUi 

' tB the excentricily as We iiutcx of Tifraction i» 

: ml <Eiil tefract paralltt rayi, ofcuraleJy, to the JarUiMT 



If s lens Im ftrmed, of which the first surraco is n portion of 
ellipsoid just determined, tlie second surfaco should be (ait. 09.) 
nrtioa of a sphere, having tiie brther focus of the ellipsoid u 
eentie {fig. 38, leit). 

;ilO.} Equatirai (95) ma; bo applied to the cose in which the ind- 
' pencil passes from a denEcr (a a rarer medium, througli a con. 
. sot&ce. Then FL, FL', Jig. M, would represent the incident 

«L, and Ul, LR the refracted rajs, and the ratio of the sine of 
■ ' leo to tho sine of refraction would be ropresenled by tlw 

ictkn — ; substituting this for n in {95) wo have 

«'-<»= -^ <"'-") (")■ 

For the case of parallel rays, {Jig. 40^ p. 55, text,] by proceeiL A 
|> Bfl in the lait artjcle, making u' — u = A — z, ' 

d' — tj = m (J — x), and 

equation of the eamo fbrnj with that before ohteincd, and n 
Baenting the distance of a point in a conic section Irom tk 
rtbu &cui; in it 

m =: a ;= . , and t/ — mA = A 

Knee n > 1, « > 1, and the equation belongs to a by ^rbcA 
'oun^a Analyt Geom., articla 79, p, 104,) the equolion d 

v'= A Jf.mA = A + c. 
U, then, we rorm a lens with ihefirtl lurface. planr, and D 
•jmd that ufa hyptrboloiil afichu-h the txCKnlricilt) i» lo the tem _ 
amertt as the index of refraction, of Iht nulmal o/fAc Inu^ 
to tiRity, paroIM mya, inadevt ptrptndicvhirla ujunt tir firtt 
iftct of Uu Ins, toiiU Ik refmcUd la Ike fatthtr foM» Sf tl« 
ptrioloirf Khieh formi the second nrfaa {fig. 40, text). 
(111.) Tl;e cows in which I)ie aberration of eonver^ng nji 
on a spbericat aurlace is zero, <art. S9,) are umtaiocd in (3S) ; it 
ly, however, to discuas it fertber. 



1 



I. 
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(112.) The forms of mirrors without aberration may abo b I 
inferred from the equations just discussed. The convex minv I ^ 
will be given by making m = — 1 in (94), whence, |!'^ 

du! -f. iffv = 0, and integrating 

tt'— »'(-©) = C (98). 

By this property we recognize the hyperbda, the distances td and 
- 1/ being those of the point, fix>m the two £od. 

For a concave mirror, k' and v' have the same sign, in equatico 
(94), and 

du' -I- iit)'= 0, or, 

tt' -I- o' = O (99). 

The mirror is an ellipaoidf the radiant ^nt coinciding wUh one 
focus, and the rays being collected at the opposite focus. 

If one focus remove to an infinite distance, the ellipsoid beoomeB 
a paraboloid, into the focus of which the rays which have beeu 
supposed parallel are collected. 

Caustics by Reflexion. 

(113.) It is not intended to enter fully into this subject in rela^ 
tion to both reflexion and refraction, but to confine the discussion 
to examples of the caustics produced by reflexion. 

The formula £ot the oblique pencil, art 29, &c., gives, in certain 
cases, an elegant and easy method of determining the form of a 
section of the caustic surface, produced by reflexion from a 
spherical mirror. 

Prop. XXXII. To determine the form of the caustic produced hy 
the reflexion of a pencil of rays from a spherical mirror, tohen 
the rays are parallel ; and also when the radiant point is at a 
diameter^s distance from the vertex of the mirror. 

First. When the radiant point is infinitely distant, or the rays 
parallel. 

ZiZ)M representing a section of the mirror, let RL be a ray inci- 
dent upon it and reflected into LB ; then, the focus of a small 
j)encil meeting the mirror near to L will be the point F found from 
the value of o in the equation which concludes art 30, namely, 

O 1= -I- . COS. 0. 

2 

To construct this value of r ; let fall from C, CP perpendicular 
to the reflected ray LB, then 

LP = LC . COS. = r * COS. ^, whence, 

2 
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iiC in JS; and XrP in F, then Z^FE is a right angle; the 
[Ff of the caostic, is, therefore, in the drcnm&rence of a 

'^aiicle of which LE = JL LC is the diameter. This heinsr tme 

2 * 

each pant in tlie carve, the canstic cnrve is an epicycloid, the 

Pig.O. 




diameter of the generating circle of which is equal to the radius of 
the hese; this li^r being half the radios of the mirror. This cnnre 
and the circle LDM revolving about DC, as an axis, would ^[enc 
rate, respectively, the surfiice of the caustic and that of the nurror. 

GmoosD. Let the radiant point be at the extremity of the di- 
anoeter of the mirror. 

Ftg.F. 




The ray RL is reflected into LB. To find the position of F 
upon LB, we recur to equation (11), art 29. 
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u V r . COS. ^ 

Drawingr CP perpendicular to RXr, 

LP SS2 r . 008. ^, whence, 
12 4 4 



tf 



LP 



RL 



u 



= — ,or, 






CL 



u 
3 



LB 



If CE be made = ~~- , the perpen£cn]ar from E to LB n^ 

mtersect it in the focus F, The locus of these feci is, tfaerefiie, 
an epicycloid, of which the diameter of the generating ciide k 
to the radius of the base as two to one. This curre is the cardioid. 

(114.) In considering the subject in a more general point of 
view, we may determine the equation of the curve of section of 
the caustic, the position of the radiant point and section of the 
mirror being given. 

Prop. XXXIII. 7b determine ike equation of the curve vkieh tt Ute 
seetum ef a eauetie formed by a curved ndrror. The seetm 
being made by a plane passing through the eucis of the mirror. 

We refer the curve to polar co-ordinates, the radiant point being 
the pole. 

Fiff.Q. 




Let B and R be two points very near each other upon the curve 
which is a section of the mirror ; let O be the centre of the oscu- 
lating circle to the curve at either of these points, so that the 
portion of the circle and curve nearly coincide between B and B. 
RB^ RB representing two incident rays, BF, BF are the le- 



r 



»A rays. CaU RB = u, BF= », Ihe angle RBC = #, RBC 
)', the ponwndicular RP, upon the tangent BP, = jj, the ra, 
I CB = Cff = f. Join FR and let M the perpendicular HQ, 
n BF. F bviiig a piiint in the cautlic, FR h, Iho radua 
xjr of that point and RQ a. pcrpcadiciiJai upon the tangent; 

RF, u', and RQ, j/. An equation lietweeu u' and p" will be 

; of the canetic curve. 

n the acute angled triangle RFB, since the segment BQ =i 

. coe. RBQ, 

a"" = u= + b' — 2uB . COB. a* (100) ; 

in the right angled triangle RBQ 

ji' = u , Bin. 30 (101). 

'o eliminate coa. S^ and sin. S#, we proceed as fiiUowB. Since 

and CB are perpendicular to BI', they are poialiel, and the 
le PRB = RBC = 0, and 



, by trigonornelry, 

cofl. 3^ = 2 ooa.a t — l, 
rmbatituting tor coa. «l the value just given. 
, COB. 2* = i^ _ 1. 

have also, b; trigonotnetrj, 

Bin. 3f> = ■/! — cos.'aii, or. 



flin. 2* = /-^ 
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Tbo idttiaa between « and v given by eqantion (11), ait 39, or < 



and 



9 r. OOS.0 

may be applied to tbis case by taking r to represent tbe ndiwrf 
tte OBcaktmg cnrde, ^ducfa IS, 

udtt 

Substituting this value fixr r, 

i. + 1. = a = ?*_, or.d».. 

u V udu ..^ ^ imIm.cos.^ 

. COS. 9 

cos.^ = A , 
tt 

J- + _ = -f^ , whence, 
tt V pdu 

1 ftudp — pdu 

V pudu 

» = P^ (104). 

2udp — pdu 

If this value of v be substituted in equation (103), we sbal] 
obtain a new equation, which, in conjunction with (102), will give 
the relation of u' and p' in terms of u, p^ du, and dp. The relation 
of the last four quantities mentioned will be given by the equation 
of the reflecting curve and by its differential ; eliminating these 
quantities, there will result a single equation between u' and jf 
the equatibn of the caustic curve. 

(115.) To give an example of this method of proceeding, let tb 
reflecting curve be any portion of a logarithmic spiral, of whicl 
the equation is, 

p = mu. 

The general value of v (104), is first to be applied to this par 
ticular case. 

Diflerentiating the equation of the curve, 

dp =3 mdu, whence (104) becomes 

» _. P«^^ _ JP" _. Pt* _ ^ 

2mudu — pdu 2mu — p 2|p — j> 

This value of v substituted in equation (103), gives 

tt'« = 4a2 _ i£!!L = 4u' _ ip^, or, 

u 

tt'2 = 4u^ — 4m?tt2 = 4tta (1 — m^), and 




UG.) Altltougli it docn not ctiler into tho daaga of thin Appcn- 
■d ahow tlie luetiiod of daducing, from tfaeorcticnl cangiciera- 
t, uy of Uie geQDml Idws of Optics, I Jidtg Ilioiiglit that it 
•out tha Btndunl to giio the formoliB to which these cunsid- 
B load, or nhidi have been dcduRcd fnmi experitDCdl, in 
1 particulnr coses, diHcussad in the Umt, The tbrniula, or 
il Ian, once remembered, the detoiJa of the phciiDmena flow 
ally from it, oiid the memory is Dot tasked (o recollect indi- 

Donble Refraction of Light, 

HIT.) The Ibtmnla which repreeentB the law of extraordinary 
'' n in doubly lefrDcting cryEtols, bccotaes, when tlie inci- 
u plane jmEBiog thraug:h the auB of tlie cryBtals, 

= m= — (ri< — m-') . bid. > # (105), 

Aich m' a tlia index of refraclioa of the BitraordioBry ray, m 
if the ordinajj ray, and # the inclinatiDD lu the oiia. In llie 
.■ftberoidB contrtnicted in tha text (Jigt. 77. and 79.), to ^ve tlu 
indHi of refractian of tho extreordiiiary ray, if Lha axis wluch at- 
bddes with thai of tho rhomb be called b, and that perpendicalar lo 



I, then by the constniGtioa a 






-(^-^)- 



-(^-i) 



J 



id ( — . I becomes 




(IIB.) In Oie plane of principej section the langecls aflhe an 
of eilriordiou; Bud or ordinary refi^cdon are in a conslaiit i 
la each rAhei. In the pkno perpundloular to (Jiia, the Uw of tfcl 
* nea ajipUea equally to the oitraordinary and to the otdiiMiy iq^ 

It the value of llio aonstant quantity la different fur Ihe tw ' 

These are the only two cases, in which the exliagrdioaiily re 
m; ia contained in the plans of ineidenee. — 

(119.) When light which has been pidarized by double rc!rai!tiao,' 
in the plans of principal section of a crystal Iceland spar (jSgf 
84. and 85., text), passes through a second crystal, the rdoUn; 
brigbtnesB of each ima^, supposing' Chat no light is lost by Tfr- 
fiejdon or absorption, may be oxprsased by the IbUowing Rinnukt 
in which On, JSe, Of, and Eit represent the images lormod as dih 
scribed on pa?e 140 of the text, a is tho angle winch tliB plane rf' 
principal sccljon of rJie second rhomb makes with Lhe aamc plus 
In Ibo first, and J is the brighlnEBs of tlio inddent ray. 

Ooz= ~ A. COS." a = Be (106). .r 

Oe = 1 A. sin.^ a = Ea (107). "^^M 

The stun of the brightaess of the four imsges, ^^^| 

Oa + Ee+Oe + ^ = A (cos." a + sin.^ a) = A. ' 

From the foregoing fbnnnlai (106. and 107.) wo miiy trace tl» 
diosgee of brightness in tlic several images, as describ^i in pien 
140, 14], of the text {fig. 8fi.) 



Oa~Ee=±A Oe^Ea =0. 

S 

By turning tho lower crystal, a asatuDes a finita raJue and (b 
ima^ Oe, So appc-u-. As a increases, ain. a increases and cos. t 
diminishes ; Oc and Eo, therefbro, increase in brightness, and (h 
Ee decrease. When a — 45", cos. a — sin. o, and the four im 
^ea aro equally bright. Tho anglo a increasing farther, Oe ai 
Ee Uicomc nioro and more fiunt,imd disappear wlien □ ^ fflP; «I 



J 



kfc anglB Oe=z Eo=: — J. The rotation of flie lowor cryBtnl 



M 



IflOo, 



itinucd Itejond 30°, 
'" ily, while 



:os- a takes the ncgalive ei^ oixd 

- a again dimkuBhca ; when a = 

.V , <.v«' - — — if Bin. a = u, and Oir, £^j again disappt^oT' At 

, ■*■ angle the two unag^s Oo^ Ee FoaJeecc, tho two extraordinary 

KeftacHoiie taking' ploco in oppoaile directions. 

Polarixaliort ofliight hy Reflexion. 

(120.) When h^ht has been jmlarized by rrffexion from a frar. 
Ace, upon which it lalLi at the maximum polarising <"iglf, the 
JUkming empjttcal formula, determined bj Molua, will represent 
Ihe iDtenBily of Uie light reflected from ouotlici aurlace, upon 
wbich the pencil is incident at the polarizing angle : {Jig, 87, page 
143, text.) 

r= A. COS." a (108), 

in which / is the intensity of the rGfloctcd light, A that of the inci- 
dent light, and o the angle between the plane of incidence and that 
ofthe second refleiion, or the azimoth of the piano of tho second ic- 
llexttHL Wlien a = 0, or 160°, / is n maximiun, and when a = 
90°, 0* 370°, / = 0, and no light is refleoled. 

As a consequence of this law, a bcoiQ of common tight, as fiir oh 
brigbtnoBS ia concerned, niay be topresenled by two beamB of 
polariiod light, having- their planes of polarimtion at right angfca 
loeaob other: for, the angle between the planes of polarization and 
of rellexion of the one being called a, that of the otlicr will bo 
90° — o, and ftom (108) we Bholl have, (or the brightnesa of IbB 
two reflected pencils, 

J= J. COtL'o 

I' = A. COS,' (90 — a) = A Bin. »a ; 

I + r = A (con' a + sin.' a) bb A, 
the aum of the intensitiea, of the two Bupposed pencils, 
the same whatever be the angle a, which is cbarBctcriatic of cc 
Hum light. 

Equation (106) applies to Ihe case of light polarized bj reftsc 
liaa, and incident npon a reflecting anrfiice at Ibn angle of com- 
ffMB polarization, a being tbo angle between tbe jdane of poUrim- 
tioa of the incident lay and Ibe plane of refleiioa. 

(131.) The law, deduced by Sir David Brewster, as ex|ir«a^ 
file relation between the phenomena of rcftactian and palaritiUioa 
hf Tefiexion, when light flilla upon the first snr&ce of a body, ii 

tan. P = m (103). 

P being the polariiJDg angle, and in tho iudci uf n 
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)^rom this fennula, if we suppose the light to be inddent at tte 
polariziiig angle^and call R the angle of refractioii at this iui' 
dence, 

tan.P=f2l£ ; biit tan. P = "^ ^ , whence 
Bin.ii COB. P 

sin. 12 a COS. P, (110), 

or the maximum polarizing aiigU is the complement of the €«• 
responding angle of refraction^ and the reflected ray is perpea- 
dicular to the refracted ray. 

(122.) If the light which has passed through the first smftn |i 
fall upon a second, parallel to the first, the anffe of incidenoeA^ \i 
the first surface being P, that on the second is 12, and 12 ss 90 — 
P(llO); whence, 

tan.l2aiO0tP:batcotP= -J_. = ^ , and thereibn, 

tan. P m 

tan. 12 s .1. 
m 

or the tangent of the incidence upon the second surfiuie is the 
index of the reflection firom the denser to the rarer medium. 12 is, 
therefore, the angle of polarization for the second sur&ce, and the 
light reflected fmn that surface, as well as that firom the first, will 
be polarized. 

Law of Partial Polarization of Light by Refiexion. 

(133.) Sir David Brewster has verified by an extensive series of 
experiments a law, which is due to Fresnel, by which the eflfecl 
of any nimiber of reflexions, on the inclination of the planes of 
polarization of a beam of light, may be determined. The e£fect 
of a single reflexion at an angle differing from the polarizing angle, 
is given by the equation 

tan. = tan. a: ^^' ^* + *'^ (Ill), 

COS. (i — i') 

in which formula, i is the angle of incidence, i' the corresponding 
angle of refiraction, x the primitive inclination of the plane <£ 
polarization of the polarized ray to the plane of reflexion, and ^ the 
inclination of the same planes after reflexion. The angle i — t' is 
evidently the deviation produced by refi*action, and t 4. i' is the 
supplement of the angle between the refi*acted and reflected raya 
When z = 45°, the case considered in the text, p. 150, tan. :r = 1, 
and 

tan. # = 22L(L+JD (US). 

COS. (i — O 
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•) The eSect of tuceeuive reflexions of a penfiil of common 

ff in which x =s 45°, may be deduced from the first equation 

▼ahie of tan. <p (111) ; &r if represent the inclination of 

plBne of polarization to that of reflexion after n reflexions, 

, 9 =: tan." 0, X and preserving the same relations to each 

after any nomber of reflexions ; whence, 

^ ooB.(i + tr J13 

1^ cos.(t— 0" 

B^faioe tan. s tan." ^, and by the supposition tan. <p is not zero, 
pSiqipeBTS that although partially polarized light may have its 
iHTought indefimtely near to parallelism, by increasing the 
of reflexions, yet tan. 9, and therefore 0, cannot become 
equal to zero by any number of reflexions, 
rmula for the quantity of the apparently polarized light 
QRnId not, advantageously, be introduced in this place.* 

Polarization of Light by ordinary Refractkm. 

(135.) From an examination of the effect produced by a single 
mar&oe upon the two planes of polarization in the beam of common 
Ikd^ Sir David Brewster inferred, that it depended upon the angle 
of dBviatioa of the ray, and was represented by the formula, 

cot ^ = COS. (i — t') (114). 

in which ^ is the inclination of the planes of polarization to the 
phne of the refraction, and t and i' the angles of incidence and 
refraction of the ray. When i — i' = 0° or i = 90°, cos. (i — »') 
as 1, and cot = 1, or = 45*^, and no change is produced in 
the indination. When t — i' = 90°, cos. t — i' = 0, and cot 
c= 0, or = 90°. 

When the light is not common light, or light in which the 
planes of polarization are inclined 45° to the plane of refraction, 
if or be taken to represent the inclination of the planes of polariza- 
tioii of the beam to the plane of refraction, 

cot ^ cot X. COS. (i — t') (115). 

If the light fall upon a second surface, parallel to the first, x for 
that surface is the value of found for the first, and if be called 
the inclination afler n refractions, 

cot e = cot" = cot" X. COS." (i — (116). 

When cot x = 1, that is, in the case of common light, 

cot = COS." (i — (117). 

(126.) By combining this formula with that for the partial polar- 
ization by reflexion, we can readily obtain the effect produced upon 
light, wmch should reach the eye, afler two refractions, at the first 
sur&ce of a plate, and an intermediate reflexion at the second 
sur&ce. 

* Sir D. Brewster, in Phil. Trans. (Lon.) 1830. 
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Let represent the indination of the plane of polarization to 
that of refinaction, after refraction by the first snrface of the phte; 
0' the inclination produced by the reflexion at the second snr&ee; 
and ^" that produced by the second refraction at the first surftoe^ 
as the ray emerges. Calling, as before, i the ang^ of incidaHse 
on the first surfiice, i! that of refraction, and x tSs indinatiaii cf 
the planes of polarization of the incident light to the plane of ini 
dence ; then from (115), 

cot S3 cot X . COB. (t — i'), (ff tan. = . * ^ . 

OOB. (i — O 

From fiirmnla (111), fi>r partial polarization by reflexiaD, 

tan.0-=taD.0 <^ (^ + ^ . = tan, x ^^-C^-ff) 
^ cos. (i — COB. (i -- 0^ 

Equation (115), applied to the second surfiice of the {date, gives 

cot 0" = cot 0' . COS. (» — i*) ; 

whence, by substituting for cot 0' the reciprocal of the vahid juBt 
found for tan. ^\ 

cot ♦" = ^_ . iSLiinf^ . or, 
tan. X COB. (i 4. r) 

cot 0" = cot * . <^'C*~*';^ (118). 

COS. (i 4. i' ) 

For common light, in which x c= 45°, 

cot = cos. (i — i'), 
, _ cos. (i -f »') 



tan. 



COS. (i — i')a 
cos. (» -f i') 



COt^"= COS.(«-i')-' ^jjg^ 



If, in this latter case, 

COS. (i — i')3 = cos. (i -f i'), 

cot 0" = 1, or 0" = 450, 

and the light polarized by the first refi*action and the intermediate 
reflexion, will be restored by the refraction at emerging, to the state 
of common light The above equation will be satisfied in glass of 

which ^lL = m = 1.525, at 78° 7'. 
sin. i 

If cos. (» — 1')3 > cos. (i -[- t'), which would occur by dimuip 
ishing i, cot 0" >- 1, and 0" < 45°. 

If cos. (t — 1').2 = cos. (i + i') tan. 0'= 1, 0' =45°, or the light 
polarized by tlie first refraction is restored to common light by the 
"-cflexion. When refracted at the second surface, since, 




CHAP. VII. 

OP THE RAINBOW. 



Prop. XXXrV. A ray of light_ 
JlccUd any nuinifr of ' 
lion ahtn it in 




Let H£ be a ray of light, meeting tba ™rnicting Bphoro LMNP 
Bt h, and refnicloii infa LM\ LM nieetin^ Ihe socond Bur&cG at 
the sphere at JV, is in port reflected inlo MN, which Tartiicr auSera 
reSexioD Dt NP, tohdng tho diiecbou HP; thai part of IVP which 
u not refieclcd, ptiwea out of the sphece, being rc&itcted ir 



direction PF. Bv tlie law of relloiian Uie angles CML, CMS, &c, 
are all equal to CLM lite angle of re&action - ' ~ 
Ihe angle of emergence IFF 'a, therefore, ei 



ngle of re&action at tho tint lurlaco; 

'F 'a, therefore, equal to the »ni;Io of 
« RLK. QJl the angle of incidence #, that of reftaetion 
•' ; tho angle of deviation of Uie re&aoted ray LM, m Ihe angle 
IHiM = # — #'; tho uiglcofdeviDtioa at emergence, or the anglo 
]yPO = * — »'; and the simi of tho dovintionBu 3 {♦ — #'.) "Hk 
deviation iiroduced by tho aret refleiion, or ElVN =^ im — LMH 
= 180 — fif', and at each Biicceoding reHexion a new deviation of 
equal amount ia iircxfuced ; Ibe lotal deviation, tbercfure, oiler n re- 



H 



n Pill. 7Viiiu-(Loa,)lB 
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flexiomi k 180fi — 2n0'. The sum of the effects produoed by bath 
refiractioD aad reflection is, calling S the total deviation, 

a = 180n — 2n0' + 2 (0 — 0',) or 

a s 180n + 20 — 2 (n + 1) 0' (1S0> 

In which equation ^ and 0' are connected by the equation, (17, 
art 39,) 

sin. = m. sin. 0' (17). 

When a is a maximum or minimum, da s o, and by difieniw 
tiating (120,) considering and 0' as vanaUe, 

2<20 ^2 (n 4- 1) d0' s 0, or 

d0 = (n 4- 1) d0'. 

By differentiating (17), 

d. sin. a m. d sin. 0', or 

COB. . d0 s m. cos. 0' . d0', 

in which Bubstituting the value just finmd for (l0, 

(n 4- 1) COS. . d0' ss ffi COS. 0' d0', and 

(n 4- 1) COS. 8m. COS. 0'* 

To combine this with (17), square both equatiaiB and add, we 
have 

sin. 30 + (n + 1)2. COS.* =* m^. (sin.* 0' + cob.« 0*); 

but, sin.* 0=1 — C0S.2 0, and sin.* 0' + cos.« 0' = 1, whence 
co8.*0(<n + 1)*— l) + 1 =m* 

m*— -1 m* — 1 m* — 1 , 

cos. *0 = = := and 



(n+1)*— 1 n* + 2n 


«(« + 2) 


^^=^/n(„ + 2) 


(121). 



(128.) The primary rainbow is formed by two refractions and 
one reflexion of the sun's light, by drops of rain, as shown in^. 
134, page 224 of the text 

Producing the incident and emergent rays RF and Og, until 
they meet at q ; (120) gives by making n ss 1, 

a = 180 + 20 — 40'. 

The angle q {RqO) is the supplement of the deviation a, whence 

J = 40' — 20 (122), 

and since q increases as 6 diminishes, g is a maximum when a is a 
minimum. Near the maximum value, q will change less Gx a 
given change of incidence than at other values ; and near this moxi. 
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a, therefore, Iha incident pencil wiD emerge most copioiialy, nnd 
aSect tlio eye uiuat strongly. VVticn ; is ii, miuiiaum, we liave foun 
tbs pceeedlng article, by muting n = 1 in equation (131), 

n whicli, if Tor ni, the index of ro&actlon of wsCer for the dif- 
ierently colored mjB be Bubstituled, the angle of incidenca will be 
found at which eucli color 'us most copiously trsnemittcd to tbe eye. 
the angle j will be given at tho Bomc time by eqaatiim (1^), and 
b J tbe relation, 

* ■ ■ I. ll' (IT). 



gihle of those mya ; for the red m = — , and lor tlie vioUl M 
_ . Theae raluea anbisUtuted for m, in equation (123), wo 
oblun finm (133), Ibr the red rays, 

_». 4 = .£093, p =59" 31', and bIo. f> = .8603, whooce from 
(17) >io. f = .6453 and 9' = 40° 11' ; thercforo from [122), g = 
160= 44' — US^ 43' = 43° ff. 

For the motel rays Ilie eatiie equalionB glee, 
toB-t = .S193.# =58= 411', and sin.* =3543; whence sin. 
f' =• .6352. and #' = 33° aS, end q' = 157" 40'— 117" 23' = 
40° 17'. 

The breadth oribebowiB measured by the angle gO^ =Onii — 
5" = J — 5"= 43^ 2' — 40=17' = 1° 45'. "ITub anppo«s the 
tays to How fiom a point. Tbe angle g being groater ihnn if, the 
line Oij is above O^, and the red is the highest color in Uic bow. 

(139.) The itcoadary raintxm, shown in the same figore of the 
te^d, ia formed by two reflexions and two reil'actions: it corresponds 
to llio case of n = 2 in the fbrmula for the deviotloo. From this 
fiirmnla (ISO) 

i = 360 + 2^ — 6*' 1 

but the angle GqO between the incident and emargenl rays is the 

excess of the angle of demtion above two right angles, whence 

J = 180 -j- 3» — e*' (134). 

By tha sanie reasoning which was used m the preceding irliote, 
it may be sbnwn, that the diflbrout colors will be traiiBniitted mcM 
oopiously, at incidences given by equation (121), in which n 's 2, and 
•I is tlie index of refraction commpouiling to tha colored rays of 
which tlie incidence is sought. Froin (121) 



■ (las). 



I 
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The idatkm of <p ^^^ 0' ^ giv^ hy 

sin. c3 m . sin. <p' (17). 

The Umits of the value of q will be found by placing for m in 
(125), and (17), the index of refraction for the least and most 

- .,, 108 , 109 

refrangible rays, or m a .^. and m = ---. . 

By proceeding as in the last article, we have for the red rays: 
COB. = .3118, = 71° 49i', sm. = .9501, sin. ^'= . 7126, 
^' = 450 27', and 3 = 50° 57'. 

For the violet rays: cos. = . 3184, # = 71° 27J, sm. i^'= 
.7046, 0' = 140 48', whence j' = 54° 7'. 

The angle, ^, for the violet rays, being greater than the cor- 
responding angle fi>r the red, the violet is higher than the red, in 
the bow ; the colors are therefore inverted in relatum to those of 
the primary. The angle ^Oq = 5' — j = 3° 10'. 

The angular distance between the bows, qOq = 50° 57' — 43* 

2'= 8° 55'. 

(130.) The breadth of the bows, and of the space between them, 
having been measured on the supposition that the rays flow from 
a point, correction must be made for the apparent diameter of the 
solar disc, which is about 32'. On this account the breadth of 
each bow is increased by 32', so that the primary is 2° 17' in 
breadth, and the secondary 3° 42'. The breadth of the space be- 
tween the two bows is, thus, diminished by 32', and is BP 23'. The 
angle, 9, for the highest red of the primary bow will be (42° 2' -|- 
16') 42° 18'; whence, if the sun is more than 42° 18' above the 
horizon, the primary bow is not seen ; the corresponding limit for 
the secondary bow is 54° 23'. 

(131.) A portion of the light which enters any drop of rain, is 
lost at each reflexion : for, by art 41, in order that total reflexion 
shall take place at the separating surflice of the denser and of the 
rarer medium, the relation m sin. 0'= 1, or >► 1, must subsist; 
but from the investigation it appears, that sin. <f> is always less 
than unity, and that the condition necessary to total reflexion is 
never satisfied. The colors of the secondary bow are therefore 
fainter than those of the primary. 

The method of investigating the theory of the bows formed by 
tlirce or more reflexions combined with two refractions, must be 
obvious from what has been said in relation to the primary and 
secondary bows. 
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Cassia, oU'of, 31—73. 

Catoptrics, 13. App. 9. 

Caustics formed by reflexion, 58. 
App. 74. Formed by refraction, 63. 

Charcoal the most absorptive of all 
bodies, ISO. 

Chevalier, M., of Paris, makes use 
of a meniscus prism for the ca- 
mera obscura, 271. 

Christie, Mr., of Woolwich, bis ex- 
periment confirmed by those of M. 
Barlocci and M. Zantedeschi, 84. 

Coddin^n, Mr., his observations on 
the compound microscope, 284. 

Colors, accidental, and colored 
shadows. 254. Phenomena of, il- 
lustrated by various experiments, 
259. 

Compression and dilatation, their 
optical influence, 203. 

Crossed lens, App. 69. 

Crystals with one axis of double re- 
fraction, 128. Whether mineral 
bodies or chemical substances have 
two axes of double refraction, 133. 
A list of the primitive forms of, 
according to Hauy, 134. With 
one axis ; system of colored rings 
in, 173. The influence of uniform 
heat and cold on, 202. Composite 
exhibited in the bi pyramidal sul- 
phate of potash, 206. In apophyl- 
lite, ib. In Iceland spar, 208. The 
multiplication of images by the 
crystals of calcareous spar with 
one axis, 210. Different colors of 
the two images produced by dou- 
ble refraction in crystals with one 
axis, 211. 

Cubes of glass with double refrac- 
tion, 199. 

Curves, caustic, formed by reflexion 
and refraction, 58. App. 74. 

Cylinders of glass with one positive 
axis of double refraction, 197. 
With a negative axis of double 
refraction, 198. 

D. 

D' Alcmbert, 304. 

Davy, Sir Humphry, repeats Berard's 
experiments on the heating power 
of tlic spectrum in Italy and at 
Geneva; the result of these ex- 
periments a confirmation of those 
of Dr. Hcrschel, 82. 

De Chaulncs, duke, 98. 

Descartes, 54. 

Deviation, angle of, 33. App. 27. 

Diamond, 31. 

Dichroism, or the double color of 
bodies, 210. 

Dioptrics, 26. App. 20. 

Dispersion, irrationality of, 73. 



Dispersive powers, table of, Author'^ 

App. 310. 
Di Torre, father, of Naples, his im- 

govement on Dr. Hooka's sphoa 
r microscopes, 280. 
DoUond, Mr., the achromatic tele* 
scope brought to a high degree of 
perfection by, 76. 

E. 

Ellipsoid, 54. App. 72. 

Englefleld, Sir Henry, 8L 

Eriometer, an instrument proposed 
by Dr. Young, a description of it ; 
and the manner in which it is to 
be used, 101. 

Eye, the human ; the stmeturo and 
fiinetions of, S40. The refractive 
powers of humors of, 2^ The in- 
sensibility of, to direct impresBiont 
of fkint light ; duration of the im- 
pressions of light on the retina, 
250 and 321. The cause of sin- 
gle vision with two eyes, SSL The 
accommodation of, to different 
distances, proved by various ex- 
periments, S5S. Iiong>«iglitedttes8 
and short-sightedness accminted 

- for, 253. Insensibility to particu- 
lar colors, 859 and 332. 

Eye:pieces, achromatic, Ramsden's ; 
in universal use in all achromatic 
telescopes for land objects, 301. 

F. 

Faraday, Mr., his observations on 
glass tinged purple with manga- 
nese ; its absorptive power altered 
by the transmission of the solar 
rays, 124. 

Fata Morgana, seen in the straits of 
Messina, accounted for, 218. 

Fibres, minute, colors of, 101. 

Fits, the theory of, superseded by 
the doctrine of interference. 111. 

Fluids, circular polarization in, dis- 
covered by M. Biot and Dr. Sec- 
beck, 188. 

Focal point, 18. 

Foci, conjugate, 18. App. 15. 

Focus, principal, for parallel rays, 17- 
rules for finding the princi{Mil ; for 
convex lenses, 41. App. ^H ; fur 
mirrors, 17. App. 14. Distance from 
centre, a mean proportional, &c.. 
App. 18. Physical, of mirrors, App. 
59. 

Fraunhofer, M., of Munich, his ob- 
servations on the lines in the spn:- 
trum, 78 ; perceives similar bands 
in the light uf planets, and fixed 
Rf.irs, 79. Illuminating p«»wer of 
the spectrum, SO. 

Fresnel, M., explains the phenomena 
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Lehot, his work on tbc scat of vis- 
ion, 944. 

Le Maire, 51. 

Lens, spherical, ooneavo-eonYez, 
double-convex, plano-convex, doa- 
ble-concave, plano-concave, 31 ; of 
least aberration, App. 69. 

Lens, a plano-convex, the principal 
focus of, 4S. App. 43. PianoHM>n- 
cavo, refraction by, App^ 47. 

— — achromatic, Ttt. 

lenses, the formation of images by, 
App. 50. Their magnifying power, 
4tt. Convex and concave, SOT. App. 
37, 45, and 54. Burning and illu- 
minating, S68. 

Lenses, polyzonal, constructed for 
the Commissioners of Northern 
Lighthouses ; introduced into the 
principal French lighthouses, 961). 

Light, the velocity with which it 
moves; moves in straight lines, 13. 
Falling upon any surnioe, the an- 
gle of its reflexion equal to the 
angle of iu incidence, 14. The to- 
tal reflexion of; 34. App. 97. Re- 
fraction of, through curved snr- 
frices, 37. Refraction of, through 
spheres, 38. App. 4^ Refraction of, 
through concave and convex sur- 
faces, 40. Appl31. Refraction of, 
through convex lenses, 41. App. 
37. Refraction of, through concave 
lenses, 44. App. 45. Refraction of, 
through meniscus and concavo- 
convex lenses, 45. App. 48. On the 
colors and decomposition of white 
light, the composition of, discover- 
ed by Sir I. Newton, 03. Different 
refrangibilities of the rays of; re- 
composition of white light, 65. De- 
composition of, by absorption, 67, 
and 315. The inflexion or diffrac- 
tion of, 86. Several curious prop- 
erties of, 107. The interference of, 
111. The absorption of, 190. A 
new method proposed of analyzing 
white light, 124. Double refraction 
of, first discovered in Iceland spar, 
VX. Polarization of, by double re- 
fraction, 136. Partial polarization 
of, by reflexion, 149. App. 82; and 
by ordinary refraction, 152. App. 
83. Polarized, the colors of crys- 
tallized {dates in, 182. The action 
of metals upon ; absorptive powers 
of, 210. 

Loadstone, various experiments by 
professor Barlocci and Zantc- 
deschi on the magnetizing power 
of Ught on, 85. 



Magnetism, experimonts illastratife 
of, as developed by liriit, SS. 

Maltts, M., discovers Uie polarin- 
Uon of light by reflexion, IISL 
Law of, App. 81. 

Mariotte, his curious discovery that 
the base of the optic nerve wis 
incapable of convesring to tfee 
brain the imprenion of distinct 
vision, 943. Theory of vision 
proved by comparative anmtOBy. 
944. 

Megascope, a modiflemtioii of the 
camera obacara, 978. 

Melloni, ffignor, observatlonB on ab- 
sorption of heating rayn of spec* 
trum, 316. 

Meniscus, 33. Its effect on paralld 
rays ; its eflbet oa diverging rays, 
45. App. 48. 

Microscope, single, 51. The magni- 
fying power of; invented by Jan- 
sen aud Drebell, 979. Mside of 
garnet, diamond, ruby, and sap- 
Iihire, 980. 

reflecting, 51. First 

proposed by Sir Isaac Newton ; re- 
vived in an improved form by pro- 
fessor Amici or Modona, 986. 

— compound, 983.. 

solar, 988. 



Microscopic observations, rules for, 
2^7. 

Mirage, a name given to certain ef- 
fects of unusual refraction, by the 
French army, while marchini; 
through the sandy deserts of Lower 
Egypt, 218. 

Mirrors, 13. Images formed by, 23. 
App. 23. Concave, formation of 
images by, 93. App. 24. The prop- 
erties by which they are distin- 
guished, 265; used as lighthouse 
reflectors, and as burning instru- 
ments, 96(S. Convex, formation of 
images by, 24. App. 96. Plane, 
formation of images by, 35. App. 
SG. Spherical aberration of, 57. 
App. 55. Plane and curved, 961. 
Plane burning, the effect produced 
by a number of these, 964! Plane, 
reflexion by, App. 13. 

Mohs, prismatic system of, 173. 

Morichini, Dr., his experiment on the 
magnetizing power of the solar 
rays, 83; magnetizes several nee- 
dles in the presence of Sir U. 
Davy, professor Playfhir, and other 
English philosopiiers, 84. 
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ered by, 63. PolaiiznUon by, 123. 
App. 83. UnuBual, 315. Surfaces 
of aceurate, App. 71. 

Refraction, double, the law of, as it 
exists in Iceland spar. 136. Law 
of, App. 79. Communicated to 
bodies by heat, rapid cooling, pres- 
sure, and induration, 135. Gene- 
ral observations on, 314. 

Refractive power, tables of. Author's 
App. 310. Absolute, 310, 315. 

Riess and Moser, MM., their experi- 
ments on the magBeUxing power 
of solar rays, 85. 

Rochon, 81. 

8. 

Scheele, the celebrated, 88. 

ticheiner, the original account of a 
parhelion seen by, 398. 

Scoresby, captain, in navigating the 
Greenland seas, observed several 
cases of unusual refraction, 317. 

Secondary plane, focal length in, 
found, App. 3L 

Secbock, M., his experiments on the 
heating power of the spectrum, 82. 
And on the chemical influence of, 
83. Fublished an account of ex- 
periments with cubes and glass 
cylindera, 908. 

Self-luminous bodies, U. 

Senebier, 81. 

Solar spectrum consists of three 
colored spectra of equal lengths,— 
red, yellow, and blue, 68. 

Somerville, Mrs.^her experiments; 
produces magnetism in needles, 
which were entirely free from 
magnetism before, by the solar 
rays ; her experiments repeated by 
M. Baumgartner, 84. 

Spectrum, the, 78. ' Properties of; 
the existence of fixed lines in, 78. 
The illuminating power of, 80. 
The heating power of, 81. Chem- 
ical influence of, 82. 

£p(;ctaclos, periscopic, invented by 
Dr. Wollaston, 267. ^ ^ 

fipccula, plane, concave, aiNLaon- 
vex, 13. ^^ 

Sphere, rule for finding the focud of, 
40. App. 43. 

of glass, with a number of 

axes of double refraction, 201. 

Spherical surfaces, of same curva- 
ture, refraction by, 49. 

Spheroids, glass, with one axis of 
double refraction, 201. 

Substances with circular double re- 
fraction, 136. 

Sulphuric acid, 73r 



Surfaces, grooved, the prodoetkn «f 
color by ; and of the eommaaiMp 
bility of these colors to vaikM 
substances, 104; applied to tto 
arts by John Barton, Esq^ lOt 



Tabasheer, the refractive power oC 
330. 

Talbot, Mr., his experiments tm tk 
colors of thin ptit^B, 97. Hb ob- 
servatiooB on nInH of bfowB 0am, 
100. 

Teinoecope, 309^ 

Telescope, reflecting, fiO. AstiukM- 
ical refracting, 51. Achromatic, 
one of the greatest In venticms of 
the last century, pronounced tf 
Newton to be bopeless; aoco» 

gished soon after his death, by Mc. 
all ; brought to a high degree of 
perfection by Mr. DoHomi, 76. Ter 
restrial,300. GaIileaB> 801. Gre- 

Sorian reflecting, 391. A rule to 
nd the ina^niiying power of, 9B9L 
Cassegrainian, 30£ Newtoniaa, 
an improvement on the Gregoriaa 
one,m Sir William Hersch(J*8. 
396. Mr. Ramage's, 397. Achro- 
matic solar, with single lenses, 30& 
Imperfectly Achromatic ; the ia- 
provement of^ 30& 

Thenard, the first who observed 
blackness i»t>duced on pboepbo- | 
rus, 124. 

Thickness, correction for, App. S. 

Topaz, Brazilian, 210. 

Transmission, fits of, 111. 

U. 

Undulations, theory of, 116 and 318. 
Great progress of, in modern times; 
the doctrine of interference in ac- 
cordance with, 118. 



Vergency, term used by Lloyd, App. 13 

Villele, M., of Lyons, burning in- 
struments made by, 266. 

Vince, Dr., his observations on na- 
usual refraction, 216. And on a 
most remarkable case of mirage, 
218. 

Vision, the seat of, 313. Erect, the 
cause of, from an inverted imafe, 
246. Ditstinct, the law of, 317. Ob- 
lique, 248. 

Visible direction, the law of, 345; 
the centre of, 246. 
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w. 

-, the absorptive power of, 120. 
- beating rays, 317. 

ston, Dr., his discoveries on 
chemical effects of light on 

guaiacum, 83. His invention 
he periscopic spectacles, 267. 
he camera lucida, 277. Dou- 

284. Refraction through 
la of air of dillerent densities 
ed by, 219. 

ch, M., his observations on 
tiol and oil of turpentine, 82. 



Young, Dr., his invention of the in- 
strument called ibe eriometer, 101. 
His illustration of the undulatory 
theory drawn from the spring and 
neap tides, 118. His experiments 
on the interference of the rays of 
light, 114. 

Z. 

Zantedeschi, M., his observations on 
oxidated magnets and those which 
are not oxidated; repeats Mr. 
Christie's experiments on needles 
vibrating in the sun's light, 95. 



THE END. 
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